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 SUMMARY 
The research deals with the syntheses of Gibson-type pyridyl bis(imine) iron and 
Brookhart-type α-diimine nickel complexes, that are functionalized with amino 
substituents at the phenyl rings. The amino groups possess the potential to be 
quarternized to form cationic complexes, which can be ion-exchanged into the galleries 
of layered clays. The immobilized catalyst precursor will then be activated with 
methylaluminoxane and reacted with ethylene. Polyethylene chains should start growing 
between the silicate layers and thus exfoliate the clay. 
In general, Brookhart-type nickel catalysts were found to have lower 
polymerization activities, yet produced higher molecular weight polymers with broader 
polydispersity as compared to Gibson-type iron catalysts. Less crystalline polyethylenes 
were formed using the Brookhart-type catalysts as shown by the existence of short-chain 
branching based on high temperature nuclear magnetic resonance experiments. 
 Nickel and iron complexes bearing amino phenyl substituents were found to be 
catalytically less active than those bearing hydrogen or bromo groups at the para 
positions. Nonetheless, they produced higher molecular weight polyethylenes for the iron 
complexes with little influence of the ortho substituents. The findings can be explained 
by examining the electronic and steric effects induced by the amino phenyl groups. It was 
also observed that polyethylenes produced using amino functionalized Brookhart-type 
and Gibson-type complexes are more powdery (finer polymer particles). 
 v 
In situ intercalative polymerizations have been done using supported clay/iron 
complexes bearing amino substituents at the phenyl rings. Both aqueous and non-aqueous 
methods were used to make the organoclays. In comparison, the clays synthesized by the 
non-aqueous method had a 500% higher activity for ethylene polymerization. Powder X-
ray spectra of the composites showed that intercalated structures were obtained in all 
cases. 
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CHAPTER 1 INTRODUCTION 
Marked by the invention of Ziegler-Natta (ZN) catalysts in 1953, polyolefin 
development has taken a big leap forward and its glory continues till today. Polyolefins 
show a rapidly growing potential because they contain only carbon and hydrogen atoms, 
are inert and stable to water, and can be easily used as a source of energy for incineration. 
Polyethylene (PE) and polypropylene (PP) are two of the most economically important 
products in petrochemical industry. In 2003, worldwide productions of PE and PP were 
around 65 and 40 million tons respectively, which contributed to a total of 65% of the 
entire plastic production.1 The success accounts for the close integration of the catalyst, 
process, and product, with catalyst technology being the main driving force. Globally, 
over 80% of polyolefin production is done using transition metal (TM) catalysts as shown 
in Table 1.1 and in fact, the main industrial uses of oganometallic catalysts are for 
polymerization and oligomerization of olefins. 
Table 1.1 Global polyolefin production in 2001. 
 PE (51.1 x 106 T) PP (32.2 x 106 T) 
Radical polymerization 31% - 
TiCl3 - 4.7% 
MgCl2/TiCl4 51% 95% 
Cr catalyst 16% - 
Metallocene/single-site catalyst 2% 0.3% 
 
Early development of polyolefins was hampered by a lack of a versatile 
technology to allow the generation of a decent and attractive set of polymer properties. 
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Production of polyolefins was extremely difficult; only under high pressure system could 
limited types of polyolefins be synthesized. Low-density PE (LDPE) was made 
industrially by a radical process at a pressure around 1,500 – 2,000 bar, whereas atactic 
PP (a-PP) produced by this process was rubbery and of not much use. This explains the 
success of ZN catalysts in entering commercialization within a few months after their 
discovery. ZN catalysts allow a normal pressure olefin polymerization and hence lower 
production cost as well as syntheses of a range of polymers exhibiting novel 
characteristics. ZN catalysts are capable of producing high-density PE (HDPE), linear 
low-density PE (LLDPE), and isotactic PP (i-PP). LDPE is flexible and tough and it has 
around 2% of branching content. HDPE has a low degree of branching and thus stronger 
intermolecular forces and tensile strength than LDPE. LLDPE is a substantially linear 
polymer, with significant numbers of short branches, commonly made by 
copolymerization of ethylene with longer-chain olefins. LLDPE has higher tensile 
strength and higher impact and puncture resistance than LDPE, but suffers from its 
poorer processability. i-PP is semicrystalline, whereas a-PP only has a glass-transition (0-
20oC). Another important type of ethylene polymerization catalyst was introduced by 
Philips in the early 1950s. The Philips catalyst is based on chromium oxide, prepared by 
impregnation of a silica-alumina support with CrO3. Today, both Philips catalyst and 
MgCl2/TiCl4 supported ZN catalysts dominate the commercial production of HDPE and 
LLDPE, whereas i-PP is solely produced using ZN catalysts. To a much smaller extent, 
single-site catalysts (SSCs) – mostly metallocene-based – are also used to make HDPE 
and PP (Figure 1.1).2 LDPE is used in lower grade plastic application like plastic bag and 
is still commonly produced using the high pressure technology process. The formation of 
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alkyl branches in LDPE is attributed to radical backbiting during chain propagation as 
shown in Figure 1.2. 









PE catalysts PP catalyst








1.1 POLYOLEFIN CATALYSIS 
Polyolefin catalysis development is marked by three important eras, i.e. ZN, early 
and late transition metal catalysts. Table 1.2 lists some important turning points in 
polyolefin catalysis. ZN catalysts are multi-site heterogeneous catalysts, whereas the 
other two are single-site catalysts (SSC), commonly homogeneous in nature. 
Heterogeneous catalysts are generally preferred in industry since the catalyst can be more 
easily recovered, which leads to lower costs for production and purification. A large 
percentage of PE and PP is currently produced by the highly active MgCl2-supported ZN 
catalysts in fluidized-bed or slurry-loop reactors. Catalyst activities are so high that the 
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catalyst can remain as a trace impurity in the product, eliminating the need for deashing. 
Polyolefins produced this way, however, have a broad molecular weight distribution 
(MWD). This led to the evolution of SSC technology. SSC systems consist of well-
defined active sites with the general formula [LnMR], where Ln represents an organic 
ligand bound to the transition metal M, and R the growing polymer chain or initiating 
group. By variation of the organic ligand and thus the steric and electronic environment 
of the metal center, the catalysts can be tailored to control the polymerization in an 
unprecedented fashion. SSC technology allows the use of extensive range of olefin 
monomers and close control of the polymer microstructures. Furthermore, molecular 
weight, molecular weight distribution, comonomer content, and end-group composition 
of the polymers can be varied independently. New materials like polycycloolefins3 and 
syndiotactic polystyrene4, have been produced using SSC technology. For industrial 
application, supported SSCs are preferred due to the above mentioned reasons. Despite 
huge investments in R&D by industry, SSCs are not used extensively in the manufacture 
of polyolefins yet. This may be attributed to the fact that the advantages provided by 
SSCs have been mainly on incremental improvements in product properties rather than 
process cost reduction. This opens a room for improvement in SSC technology, which is 
why it remains a hot topic despite the existence for more than half a century. 
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Table 1.2 Polyolefin catalysis milestones. 
1898 PE was first synthesized by a German chemist, Hans von Pechmann and termed 
polymethylene 
1935 ICI discovered high-pressure radical LDPE / a-PP polymerization process 
1951 Philips invented supported chromium trioxide catalyst for making HDPE 
1953 Ziegler invented ZN catalyst based on early TM halides and alkylaluminum 
cocatalysts for making HDPE 
1953 Wilkinson synthesized group 4 metallocene SSCs, which showed low activity for 
α-olefin polymerization when activated with alkylaluminum cocatalysts 
1954 Natta introduced the concept of stereoregular polymer and used the first 
generation TiCl3 ZN catalyst to produce i-PP 
1960 Shell patented the high activity MgCl2/TiCl4 supported ZN catalyst, which 
eventually became the basis for the high activity supported catalysts used in PE 
and PP productions 
1977 Kaminsky discovered methylaluminoxane (MAO) cocatalyst that greatly 
increases the activity of metallocene olefin polymerization catalysts 
1988 Ewen reported the first syndiospecific ansa-metallocene  catalyst 
1995 Brookhart introduced sterically hindered nickel- and palladium-α diimine 
complexes that could form highly branched PE via chain walking mechanism 
1998 Brookhart and Gibson separately introduced sterically hindered iron- and cobalt-
pyridiyl bis(imine) complexes for polymerizing ethylene and α-olefins 
1998 Grubbs introduced sterically hindered neutral nickel-salicyaldiminato complexes 
for polymerizing ethylene 
1.2 POLYOLEFIN-CLAY NANOCOMPOSITES5 
One interesting target of polyolefin research is polyolefin-clay nanocomposites. 
Polymer nanocomposites are a class of hybrid materials composed of an organic polymer 
matrix, that is imbedded with inorganic particles and that have at least one dimension in 
the nanometer size range.6 In comparison with the pristine polymer, polymer-clay 
nanocomposites generally have improved features such as better mechanical properties 
(higher stiffness/ modulus), better thermal stability, higher gas barrier and higher flame 
retardance. The reasons of choosing silicate clays as filler are its well-known chemistry7, 
low cost, and natural abundancy. If the clay is well dispersed in the polymer matrix, 
forming an exfoliated structure as shown in Figure 1.4, property enhancement can be 
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achieved with a low filler loading and hence it offers a weight-saving property (2-3% vs. 
20-30% loading for conventional fillers). Industrially, polymer-clay nanocomposites are 
used as thermoplasts for automobile parts, e.g. timing belt covers injection-molded from 
a nylon-clay hybrid (NCH, Toyota) and step assists from amine-terminated maleated PP 
nanocomposite (GM and Basell). 
The structures of clay minerals consist of stacked silicate layers with regular gaps 
in between, which are termed "interlayers" or "galleries". The layer thickness is around 1 
nm and the lateral dimensions vary from 30 nm to several microns. In the case of 
montmorillonite (MMT, Figure 1.3), individual layers consist of a central octahedral 
alumina sheet sandwiched in between two tetrahedral silica sheets, carrying anionic 
charges that are counterbalanced by sodium cations situated in the galleries. Due to the 
polar nature of clay and the non-polar nature of polymers, polymers usually have 
insufficient affinity for the clay, resulting in phase separated structures (microcomposites, 
refer to Figure 1.4). The common technique to improve polymer-silicate interaction is to 
modify the clay surface with organic ammonium or phosphonium compounds by ion 
exchange; the modified clay is called organoclay (OC). The ion exchange renders 
hydrophilic clay organophilic and is associated with substantial increases of the interlayer 
spacings.8 
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Figure 1.3 Structure of montmorillonite. Adopted from 12. 
 
Polymer-clay nanocomposites can be prepared by two main strategies: melt 
blending9 and in situ intercalative polymerization.10 In melt blending, the OC is blended 
with the molten polymers, usually by extrusion. This technique avoids the use of solvent 
and works well with polar polymers such as polysiloxanes, polyethers, and polystyrene.6 
In the case of non-polar polymer (e.g. polyolefins), there is no favorable enthalpy and 
entropy of mixing and hence in situ intercalative polymerization – in which the OC is 
added to the monomer or a monomer solution – might be a better choice. Recent studies 
on PE-clay nanocomposites, formed by intercalative polymerization approach, show 
bimodal molecular weight and bimodal melting behavior of the resulting polymer 
composite.11 The results suggest that, to a certain degree, confined polymerization inside 
the gallery influences the polymerization and the structure of the resulting polymer. Melt 
blending has also been reported to form certain type of polyolefin-clay composite like 
ammonium modified silicates intercalated PE12 and PP nanocomposite from maleic 
anhydride modified PP oligomers.13 
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Figure 1.4 Possible polymer-layered silicate structures. 
 
 The focus of this project is on the syntheses and catalytic studies of late TM 
catalysts with α-diimine or 1,4-diazabutadiene (DAB) and pyridyl bis(imine) (PBI) ligand 
backbone, which will ultimately be used to produce a  polyolefin-clay nanocomposite. 
Without attempt to go into the mechanistic details, some discussion on olefin 
polymerization catalysts is given in Chapter 2. The term catalyst used in this thesis refers 
to either a catalyst or a catalyst precursor that needs to be activated using a cocatalyst. 
Mechanistic details are presented in Chapter 3. Chapter 4 presents results and discussion 
whereas experimental details are reported in Chapter 5. Chapter 6 gives conclusion and 
some insight on future works. 
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CHAPTER 2 OLEFIN POLYMERIZATION CATALYSTS 
This chapter is divided into three sections. Multi-site ZN and single-site olefin 
polymerization catalysts are discussed in section 2.1 and section 2.2 respectively. Section 
2.3 is dedicated for cocatalysts used in polyolefin catalysis. The choice of catalysts 
influences the primary structure of polymer backbones as well as compositional 
uniformity, molecular weight, and MWD of the polymers, which eventually determine 
the properties of the final products. As a general rule, for coordination polymerization to 
begin with TM complexes, a coordination vacancy must be present in the active center 
and the cocatayst needs to alkylate the TM generating a metal-carbon bond. Chain 
propagation takes place via Cossee-Arlman mechanism (Chapter 3), in which 
coordination of the olefin at the vacant coordination site is followed by chain migratory-
insertion into the metal-carbon bond. For isospecific propagation, there must be only one 
coordination vacancy and the active site must be chiral. Regulation of polyolefin 
molecular weight can be done by the use of hydrogen as chain transfer agent (CTA) or by 
β-hydride (β-H) transfer from the growing chain to the TM or to the monomer, and to a 
lesser extent via alkyl exchange with the cocatalyst. 
2.1 ZIEGLER-NATTA CATALYSTS 
ZN catalysts are multisited and (commonly) heterogeneous with the 
polymerization taking place on edges and dislocations of TM halide crystals. The most 
common ZN catalysts are titanium based, but zirconium, vanadium, chromium, 
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molybdenum, cobalt and the like are also used in various applications. Their discovery 
has made tremendous impact on organometallic catalysis and polyolefin developments, 
which won Ziegler and Natta the Nobel Prize in Chemistry in 1963. 
ZN catalyst developments for PE and PP have progressed from the first-
generation titanium trichloride catalysts, used in the manufacturing processes of the late 
1950s and the 1960s, to the high activity MgCl2-supported Lewis base-modified catalysts 
used today.14 The advances in ZN catalyst technology have allowed commercial scale 
production of a variety of polymeric materials ranging from fibers to commodity 
thermoplastics, engineering plastics, and elastomers. The second-generation catalysts 
were not so attractive commercially as they were overshadowed by the advent of the 
third- and later-generation MgCl2-supported catalysts. MgCl2/TiCl4 supported catalysts 
are prepared by the reaction of magnesium alkoxide with an excess of TiCl4 and then 
activated by triethylaluminum (TEA). To increase catalytic activity and to better control 
stereoregularity, internal and/or external electron donor is incorporated to the catalyst 
system. In comparison to TiCl3 catalysts, the activity and productivity of MgCl2/TiCl4 are 
so high that catalyst removal or deashing is not required. It catalyzes propylene 
polymerization with a very high degree of stereoregularity, such that extraction of 
amorphous a-PP can be eliminated. It yields LLDPE with greater structural uniformity 
and improved properties. Finally, its particle size and morphology can be controlled for 
use in a gas phase process. These advantages led to significant cost reduction in the 
manufacture of most existing PE and PP products. 
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2.2 SINGLE-SITE CATALYSTS 
The main driving force for SSC technology is its ability to better control polymer 
structure, morphology, and properties by modifying the ancillary ligands. This allows the 
one-pot synthesis of polyolefins with varying molecular weight as compared to the 
industrially used in-line reactors. The single site nature of the catalysts (theoretically) 
only allows uniform active sites for polymerization reactions to begin and hence by 
correlating the amount of catalyst with the polymer weight, better insight into the 
polymerization mechanism can be obtained. SSCs are classified into two main categories 
i.e. early and late TM catalysts. 
2.2.1 Group 4 Metallocene Catalysts 
Metallocene-based catalysts have a general structure Cp*2MX2, where M is a d0 
TM sandwiched between two Cp*s, η5-cyclopentadienyl-type ring ligands and X is a σ 
ligand usually a halide or alkyl group (Figure 2.1A). During the polymerization reaction, 
either one or both of the X ligand will be removed to generate the active catalyst. The 
catalyst structure normally contains interannular ansa-bridging group, whose function is 
to lock the ancillary ligand in the desired conformation or symmetry, thus allowing steric 
control over the enantiodifferentiating steps in stereospecific olefin polymerization or 
differentiation of olefins of different sizes in copolymerization reactions. The later 
introduced metallocene-based catalysts have half-sandwiched constrained geometry 
structure, consisting of one cyclopentadienyl ligand. The most notable examples are the 
constrained geometry ansa-monocyclopentadiene-amido as shown in Figure 2.1B. This 
structure has the open active site that allows incorporation of higher α-olefins. The 
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drawback of group 4 metallocene catalysts, like any other early TM catalysts, is their 
oxophilicity and functional group sensitivity, which inhibit them from being used in 
copolymerizing polar monomer and olefin. Neither can they be used in polar 
functionalized olefin polymerization. 









M = Fe, Zr
X = Cl, Br, alkyl
B = bridging unit
D = donating ligand
 
Metallocene catalysts offer a much greater control over polymer tacticity. 
Depending on the ligand type, isotactic, syndiotactic, atactic, or even a combination of 
these can be produced. Although the synthesis of syndiotactic PP (s-PP) had been 
reported earlier on using ZN catalysts, the degree of tacticity was not high enough to be 
useful. It was not till 1988 that Ewen et al. designed metallocenes with Cs symmetry, 
which produce s-PP in high yield under conventional polymerization conditions.15 On the 
other hand, metallocenes with C2 symmetry form i-PP. The origin of the stereo-control 
was explained by the ligand orientation which determines the conformations of the 
polymer chain-end and consequently the stereochemistry of the olefin insertion at the 
transition-state (TS).16 
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2.2.2 Late Transition Metal Catalysts 
Commercially, incorporation of polar monomers in polyolefins would provide 
new and highly desirable properties such as paintability and adhesion to polar substrates, 
which might lead to new applications and markets. Technically, the challenge is to find 
effective catalysts which are tolerant of polar groups. Late TMs are less oxophilic and 
less sensitive towards the presence of functional groups. It was then, however, difficult to 
attain high molecular weight polymers due to the competing β-H elimination process. 
They were commonly used for alkene oligomerization. A well-known example is the 
Shell-Higher-Olefins-Process (SHOP), which selectively oligomerizes ethylene to higher 
homologues.17 The field of olefin polymerization catalysis rejuvenated in 1995, brought 
by the introduction of sterically hindered square-planar DAB nickel and palladium 
complexes (Figure 2.2A) that are capable of polymerizing ethylene to high molecular 
weight polymers.18-20 These catalyst systems have the tendency to perform chain walking, 
which might be useful for varying the PE branching content and hence the polymer 
properties. Following that, a family of PBI iron and cobalt complexes (Figure 2.2B) that 
produce highly linear polymer, were also reported. The two ligand systems can be 
conveniently prepared by condensing two equivalents of arylamine with one equivalent 
of diketone or diacetyl pyridine. This synthetic route allows variation of the backbone 
and the aryl substituents, enabling preparation of arrays of ligands with independent 
control over the steric and electronic effects at the metal center. The key for successful 
olefin polymerizations using these types of catalysts is to block the termination pathways 
by introducing bulky groups in the axial sites of the aryl groups. More about termination 
process can be found in Chapter 3. 
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M = Ni, Pd, Fe, Co
X = Cl, Br, alkyl
R = alkyl
 
The relatively high activity of the bulky ligand systems is attributed to several 
factors, i.e.: 1. electrophilic cationic metal center, 2. the use of sterically bulky ligand, 3. 
weakly coordinating or noncoordinating counterion. The electrophilicity of the cationic 
metal center facilitates rapid rates of olefin insertion, whereas the use of noncoordinating 
counterion provides an accessible coordination site for the incoming olefins. The 
sterically bulky ligand, which differentiates them from olefin oligomerization catalysts, 
reduces the chance of early termination processes. 
2.2.2.1 α-Diimine Nickel and Palladium Complexes 
A distinguishing feature of DAB catalysts is their ability to isomerize the growing 
polymer chain by a sequence of β-H transfer and insertion reactions called chain 
migration of “walking” (Figure 2.3). In the case of ethylene polymerization, this results in 
the formation of highly branched polymer. For higher α-olefins, chain walking leads to 
chain straightening as indicated by a branching content that is lower than expected. The 
branching level increases with more bulky substituent and at lower pressure and higher 
temperature. The architecture and topology of the polyolefin varies with the overall 
branching number and the distribution of short-chain branching. The nickel complexes 
generally exhibit higher activities and give lower branching content than the palladium 
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complexes. More crystalline polymer is often obtained with lower branching density and 
vice versa. A study that uses chain walking mechanism as a new and effective strategy to 
control the polymer topology has been reported.21 For the most highly branched systems, 
the overall branching number and the distribution of short-chain branches can change 
very little while the architecture or topology of the polymer might vary from elastomeric, 
semicrystalline polymers with moderate branch lengths to hyperbranched oils. α-Olefin 
polymerizations with nickel or palladium catalysts yield high molecular weight polymers 
with unusual properties, yet lower polymerization rates and productivities. 























R = alkyl, growing polymer chain
 
Copolymers containing functional side-arms have been synthesized with nickel 
and palladium DAB catalysts (Figure 2.4). Most of the ester groups are located at the end 
of the polymer branches, but the proportion of ester groups directly attached to the 
polymer backbone increases with increasing ethylene pressure.22, 23 
 
R 
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2.2.2.2 Pyridine Bis(imine) Complexes 
Brookhart and Bennett,24, 25 and Gibson26 separately introduced a family of PBI 
iron and cobalt complexes that are highly active olefin polymerization catalysts (Figure 
2.2B). Vanadium and chromium analogues as well as several modifications of the PBI 
ligand have been reported since then.18 The active species for PBI complexes have not 
been well characterized yet, but they are generally more active than the DAB 
counterparts. No chain walking is observed with this ligand system and the PE is strictly 
linear with very high density yet higher polydispersity index (PDI). The cobalt catalysts 
are typically less active by an order of magnitude and produce lower molecular weight 
polymer. The introduction of ortho-trifluoromethyl substituents on the aryl ring (R1 = 
CF3, R3 = H, F) leads to highly active oligomerization catalysts that match their iron 
analogues. 
Fe(II) and Fe(III) precatalysts produce similar polymer with comparable activities 
when activated with MAO.27 Mossbauer and EPR studies have revealed that the active 
catalysts consist of only Fe(III)28, whereas NMR studies point towards a cationic, hetero-
binuclear Fe(II)-Al (Figure 2.5).29, 30  
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As in the case of DAB complexes, the ligand backbone plays a crucial role in 
determining the molecular weight of the resulting product. Depending on the ligand 
substituents especially those in the ortho positions, the PBI catalyst system is able to 
facilitate dimerization, oligomerization, or polymerization. PBI complexes with bulky 
ortho substituents tend to yield linear high molecular weight polymer. For DAB 
complexes, chain walking normally results in more amorphous branched PE. PBI iron 
complexes are moderately active for propylene polymerization but polymer molecular 
weight and tacticity are typically low.31 Tacticity control is exerted by a chain-end control 
mechanism with 1,2-insertion of the first propylene monomer followed by subsequent 
2,1-insertions (Figure 2.6). 
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Despite the excitement, effort, and investment at the present state, olefin 
polymerization TM catalysts do not have sufficient activities and can not incorporate high 
degree of polar comonomers to be useful; and hence the search for effective catalysts that 
are tolerant of polar monomers continues receiving great attention from industries as well 
as academic institutions. 
2.3 COCATALYSTS 
Olefin polymerization catalysts are generally two-component systems, comprising 
a TM complex (precatalyst) and a main-group metal organometallic compound 
(cocatalyst). The cocatalyst is used to activate the precatalyst by alkyl-halide exchange 
followed by alkyde abstraction, generating a vacant coordination site for the incoming 
olefinic monomer. The monomer then undergoes migratory-insertion into the Mδ+-R bond 
of the activated complex and the next monomer approaches the vacant site and repeats 
the cycle till termination takes place. In polyolefin production, the cocatalyst is normally 
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used in large proportion (for group 4 metallocene/MAO catalysts, activity maxima are 
generally found at [Al]:[M] ratios ranging from 1000:1 to 10000:1) and it contributes to 
most of the production cost. From an economic point of view, therefore, discovering of 
high-performance and low-cost cocatalysts is of great interest. 
Extensive kinetic and reactivity studies as well as multinuclear NMR 
investigations have demonstrated that dynamic equilibria exist in the Cp*2Ti(R)Cl/AlCl3 
catalyst system between Cp*2TiR…Cl...AlCl3 contact ion pairs and solvent-separated 
Cp*2TiR+|AlCl4- ion pairs and that the solvent separated ion pairs are the major 
catalytically active sites. Contact ion pairs, which appear to dominate in these equilibria, 
can be considered as “dormant” sites (Figure 2.7).32 In fact, for most olefin catalytic 
polymerization reactions, the active species is a coordinatively unsaturated cationic metal 
alkyl [LnMR]+. Activity and stereoregularity of the produced polymer are determined by 
the steric and electronic properties of the ligand set Ln and the ion-ion interactions 
between the highly electrophilic metal cation and its counterion. 
Figure 2.7 Activation process and active species in olefin polymerization. 








[Cp*2Ti-R]+[RAlCl3]- R = alkyl
 
Aluminum alkyls were the most common cocatalysts in the older days, but they 
gave way to MAO for their low ability to activate group 4 metallocene single-site 
precatalysts. Nonetheless, aluminum alkyls have contributed substantially in 
  20 
understanding of the cocatalyst function, generation of active species, and olefin insertion 
mechanisms in olefin polymerization33, 34 and are still used in the heterogeneous ZN 
system. With the advent of SSC technology, MAO is now the leading cocatalyst in olefin 
polymerization research as well as in large-scale industrial application. The setback is the 
structural complexity of MAO which prevents precise structural elucidation and kinetic 
observation of the active species involved in the process. There are many proposed 
structures for MAO as well as many debates on the MAO activated olefin polymerization 
mechanism. Up to now, however, MAO is still a “black box” in olefin polymerization. 
MAO is a mixture of oligomers with [–Al(Me)–O–] subunits and is generally 
prepared by controlled hydrolysis of AlMe3. It was found by chance in 1977 at University 
of Hamburg that when combined with group 4 metallocenes, MAO typically affords 
highly active catalyst for polymerizing ethylene, propylene, and higher α-olefins.35 
Despite its rising popularity since then, the exact composition, structure, and function of 
MAO are not yet entirely clear and well-understood. The proposed structures for MAO 
include one-dimensional linear chains or cyclic rings, two-dimensional or three-
dimensional supramolecular aggregates, or possibly mixture of those.32 To simplify the 
matter, MAO is usually represented as having linear chain or cyclic ring structures [–
Al(Me)–O–]n (n ~ 5-20), containing three-coordinated aluminum centers (Figure 2.8). 
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The proposed mechanism of MAO activated olefin polymerization includes 
essentially the same steps as most olefin catalyzed polymerization reactions. When MAO 
is added to dihalide precatalyts L2MX2, it generates a monomethyl complex L2MXMe. 
Excess MAO gives the dialkylated species L2MMe2. Some of the Al centers presumably 
have high tendency to abstract a methyl anion from L2MMe2, forming a weakly 
coordinating anion [Me–MAO]-. The cation [L2MMe]+ is stabilized coordinatively by the 
counterion, which in the presence of olefins gives solvent-separated ion pairs 
[L2M(olefin)Me]+[Me–MAO]-. Repeated olefin insertion to the metal-alkyl bond forms 
polyolefin. 
Depending on the nature of the hydrated salt (or water) and the exact MAO 
synthetic reaction conditions, MAO-activated catalysts may exhibit widely differing 
activities in olefin polymerization. Residual trimethylaluminum in MAO solutions 
appears to participate in equilibria that interconvert various MAO oligomers and has 
major effects on the catalytic activity of MAO. New nonhydrolytic means (e.g. by 
thermal and/or catalytic means) have been developed for preparing MAO substantially 
free of trimethylaluminum.  
Despite its high efficacy, the large amount of MAO needed for the activation 
process and the structural complexities lead to its high cost and difficulty in 
understanding the reaction mechanism, respectively. Intensive work has been carried out 
to find effective and possible stoichiometric activators. Some pertinent examples include 
perfluoroaryl boranes, fluoroarylalanes, trityl, ammonium borate, and aluminate salts. 
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Supported organometallic activators have also been introduced to suit the current slurry- 
and gas-phase polymerization processes.36 
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CHAPTER 3 POLYOLEFIN CATALYSIS MECHANISM 
This chapter gives an insight on Cossee-Arlman mechanism (section 3.1), CTAs 
in olefin polymerization (section 3.2), and stereospecific olefin polymerization (section 
3.3). Emphasis is put on the late TM catalyzed olefin polymerization, but the general 
concept applies for ZN and metallocene catalyzed olefin polymerizations. 
3.1 COSSEE-ARLMAN MECHANISM 
The chemistry of heterogeneous and homogeneous TM catalyzed polymerization 
is generally accepted to proceed via the Cossee-Arlman mechanism (Figure 3.1), where 
the initiation step involves alkylation of a TM salt or complex with a main group metal 
alkyl compound such as TEA to form a TM alkyl intermediate. Chain growth occurs via 
consecutive olefin insertions. It is not clear whether propagation occurs through 
migration of the alkyl group and/or insertion of olefin, hence it is more appropriately 
termed as migratory-insertion step. Based on extended Huckel calculations, Cossee 
proposed that the mechanism involves migration. The growing metal alkyl chain can 
undergo either β-H elimination or hydrogenolysis to yield a dead polymer chain and a 
metal hydride. The metal hydride adds to an olefin to form a metal-alkyl which reinitiates 
the catalytic cycle. Alternatively some other less understood termination reactions might 
take place when other CTAs exist. Section 3.1.1 and section 3.1.2 zoom more into 
initiation, propagation, and termination steps. Other mechanisms to explain TM catalyzed 
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alkene insertion are explained elsewhere; those include TS agostic, ground and TS 
agostic, Green-Rooney.37, 38  
Figure 3.1 Cossee-Arlman mechanism. 
M X + R M' M R X M'+
M R + R
M
R





















R = alkyl, growing polymer chain
 
In the absence of CTAs, the degree of polymerization depends on the relative 
rates of olefin insertion and β-H elimination. In the case of the uniformity of active sites, 
the MWD is governed by Schulz-Flory statistics. MWD as measured by Mw/Mn is 
typically around 2 to 3 for homogeneous SSCs and much broader (>6) for heterogeneous 
catalysts, which contain more than one type of active sites.39 
3.1.1 Initiation and Propagation 
Olefin polymerization begins with precatalyst transmetalation, followed by 
agostic interaction with the incoming olefin forming a metal-alkyl bond. Subsequent 
olefin syn insertions result in a metal-alkyl chain, which for the case of DAB complexes 
usually undergo successive β-H elimination and chain walking (chain walking is 
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isomerization of the growing polymer by a series of β-H transfer and insertion reactions, 
Figure 2.3). No chain walking is observed with PBI system. In contrast to early metal 
systems where no intermediates are observed, spectroscopy studies on late metal systems 
observe the alkyl ethylene complex as shown in Figure 3.2, as the catalyst resting state.20, 
40
 The turnover-limiting step is the insertion of the alkyl ethylene complex. Increasing 
steric bulk of the ligand aryl substituents facilitates higher catalyst activity as it increases 
the ground-state energy of the resting-state species relative to the subsequent insertion 
cyclic-like TS. 
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Figure 3.2 Mechanism of TM catalyzed ethylene polymerization and polymer branch 

































M = Ni, Pd, Fe, Co
NN
= α-diimine, pyridine bis(imine)









Unlike most late TM systems, chain transfer rates in bulky ligand complexes are 
relatively slow relative to chain propagation, and thus high molecular weight polymer can 
be obtained. To realize this, a good understanding of the catalyst structure and the 
possible termination mechanism are necessary. Crystallographic results show that the aryl 
rings of the bulky ligand systems lie perpendicular to the coordination plane, and the 
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ortho substituents are placed directly above and below the plane.41 Two mechanisms 
have been proposed to explain the termination step in TM catalyzed olefin 
polymerization: 1. associative displacement of the unsaturated polymer chain from an 
olefin hydride intermediate by monomer (Figure 3.3A), 2. direct β-H transfer to monomer 
from the alkyl-olefin resting state (Figure 3.3B). The presence of bulky groups 
(especially ortho substituents on the aryl diimine ligand) is proposed to block axial 
approach of monomer in the first mode and to decrease TS stability with respect to the 
four-coordinated ethyl alkyl adduct, in the second mode, which will eventually slow 
down the termination process. Bulkier backbone or ortho substituents also lock the aryl 
groups more rigidly and hence block the axial site more effectively. No experimental 
evidence is yet available to distinguish between these possible chain transfer modes. 
Theoretical studies and calculations on palladium systems do not concur with direct chain 
transfer to monomer.42-44  
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3.2 CHAIN TRANSFER AGENTS IN OLEFIN POLYMERIZATION 
CTAs can be used to alter polymer properties such as molecular weight, MWD, 
and end-groups. The involvement of a chain transfer mechanism typically results in a 
lowering of the molecular weight. Propagation of the polymer chain proceeds by 
insertion of monomer (e.g. ethylene) into the metal carbon bond of the active catalyst (I, 
Figure 3.4). The molecular weight of the polymer is determined by the relative rates of 
propagation versus chain breaking events. Besides the more common β-H transfer 
mechanism (II), a growing polymer chain can also be terminated by reacting with a CTA 
such as hydrogen (III) or a metal alkyl, e.g. an aluminum alkyl (IV). This last reaction is 
thought to proceed through a four-centered hetero-bimetallic intermediate and can be 
considered a degenerative transfer process. Alternatively, a CTA can function by 
inserting into the growing polymer chain and blocking any further insertions of monomer 
or CTA, thereby forcing the polymer chain to undergo termination. In some cases, 
catalyzed chain growth might occur. Catalyzed chain growth is a special case of chain 
transfer, where transfer is reversible and very rapid. As a result, the chain growth has the 
characteristics of a living polymerization and may be viewed as a metal-catalyzed 
Aufbaureaktion or a degenerative transfer polymerization. Other less common CTAs 
include vinyl chloride, vinyl acetate, and styrene. Vinyl chloride and vinyl acetate can act 
as CTAs in ethylene oligomerization with a PBI iron catalyst.45 Styrene can act as a CTA 
during metallocenes catalyzed olefin polymerization.46 
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3.3 STEREOSPECIFIC OLEFIN POLYMERIZATION 
Polymerization of higher olefin can result in many structural varieties. For 
example, propylene monomers can be arranged along the chain in three different ways, 
i.e. head-to-tail, head-to-head or tail-to-tail, and random forms (Figure 3.5). TM catalysts 
generally produce head-to-tail polymers and hence only head-to-tail configuration is 
illustrated further. More subtle structural variations in higher olefin polymers are based 
on their stereoregularity. The term stereoregular or stereospecific polymer was introduced 
by Natta, who prepared i-PP using titanium chloride ZN catalyst in mid 1950s.47-49 
Stereoregularity of polymer determines its crystallinity, which might greatly influence its 
physical properties. There are three types of stereoregular polymers, i.e. isotactic, 
syndiotactic, and atactic, as illustrated in Figure 3.6. The melting points of isotactic, 
syndiotactic, and atactic PP are 160-170, 125-131, and <0 oC, respectively. a-PP is a soft, 
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rubbery polymer, while i-PP is strong and hard with excellent resistance to stress, 
cracking, and chemical reaction. s-PP is softer than the isotactic counterpart, but is also 
tough and clear. It is stable to gamma radiation and will therefore find applications in 
medicine. 
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Polymerization mechanism for stereospecific polymer formation follows the 
previously discussed Cossee-Arlman mechanism. Depending on the insertion modes 
(Figure 3.7), different structural isomers might be obtained. Except for some cases with 
iron and vanadium catalyst, 1,2 insertion is the more commonly occurring for TM 
catalyzed olefin polymerizations. 





















Two mechanisms have been proposed to be responsible for the stereo-control of 
the growing polymer chain, i.e. site control and chain-end control. Cossee proposed a site 
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control mechanism, in which the structure of the catalytic site determines the way the 
olefin molecule will insert. If the catalyst is chiral, a diasteoreomeric complex is formed 
when the polymer chain starts growing. There might be a preference over the formation 
of one particular diastereomer (thermodynamic control) or the rates of insertion for the 
two diastereomers may be different (kinetic control). Isotactic polymer is formed when 
the catalyst adds from the same face of each subsequent olefin molecule. In the chain-end 
control mechanism, the last monomer inserted determines how the next olefin molecule 
will insert. In the example given in Figure 3.8, the catalyst will probably prefer to attack 
the monomer from the re-face as attack from the si-face results in two bulky methyl 
groups pointing to the same direction. The existence of achiral catalysts that do give 
stereoregular polymer indicates that chain-end control alone occasionally suffices to 
ensure stereoregularity. In most cases, however, both mechanisms are equally important 
and the presence of a stereogenic center is usually needed to ensure stereospecific olefin 
polymerization. As a matter of fact, an occasional error along the chain is not usually 
perpetuated in the polymer backbone. 
















i-PP is one of the most important commodity polymers and is by far the most (or 
probably the only) widely produced stereoregular polymers. It is mainly produced by the 
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high activity supported MgCl2/TiCl4 ZN catalyst (95%) as well as by TiCl3 ZN catalyst 
(4.7%) and metallocene catalyst (0.3%).50 Other well-known examples include s-PP and 
syndiotactic polystyrene produced by SSC technology mostly metallocene. SSCs have 
better defined active sites and flexible catalyst structures, which allow them to be 
specifically tailored to meet the desired tacticity, molecular weight, and MWD of the 
polymers. Many attempts have been devoted to synthesize asymmetric TM catalysts for 
making stereoregular polymers, but no prominent contribution (commercially) has 
emerged from this field yet. PBI iron complexes have shown to be moderately active in 
performing stereospecific propylene polymerizations, but the polymer molecular weight 
and tacticity are not sufficiently high. 
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CHAPTER 4 RESULTS AND DISCUSSION 
Study of the polymerization of olefins by well-defined TM complexes has been an 
ever-growing area. While heterogeneous olefin polymerization catalysts are more 
commonly used in large-scale processes, SSCs allow more controlled polymerization 
reactions and better understanding of the mechanisms involved. The trade off is that 
SSCs are not easily recycled and not compatible with the current industrial processes, and 
they usually impose more stringent reaction conditions. Many researches have, therefore, 
been targeted on immobilizing SSCs on solid supports like clay, magnesium chloride, 
silica, alumina, or even polystyrene. 
Clay as a solid support has the benefits of its size comparability with polymer 
particles (in nanometer range), which upon exfoliation promises product enhancement 
with weight-saving property (2-3% vs. 20-30% loading for conventional fillers). 
Additional advantages are clay’s well-known chemistry, low cost, and natural abundancy. 
This research involved the syntheses of late TM complexes bearing 
dimethylamino substituents and their catalytic testings on homogeneous polymerization 
system. The study was focused on complex 8c as in general PBI iron catalysts were more 
effective than their DAB nickel counterparts. Complex 8c was immobilized on MMT 
clay and subsequently used as a catalyst to produce polyethylene-clay composite in situ. 
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The technique is known as polymerization-filling technique (PFT, Figure 4.1).∗ For MMT 
clay, the exchangeable cations are Na+ and the cation exchange capacity (CEC) is 92.6 
meq./100g. The choice of late metal catalyst system was due to the lower possibility of it 
to be poisoned by polar groups and the possibility of polar co-monomer incorporation. 


















P = polymer chain
 
This chapter is divided into three sections, i.e. catalyst designs (section 4.1), 
catalytic studies (section 4.2), and in situ intercalative polymerizations (section 4.3). 
4.1 CATALYST DESIGNS 
The initial idea was to get iron complexes with backbone ligands as shown in 
Figure 4.2 and the nickel counterparts. The structure on the left was proposed to have a 
better catalytic activity as less steric hindrance is induced by the ligand environment. 






 PFT consists of attaching the polymerization catalyst onto a filler surface and in situ polymerizing 
monomers from the surface treated filler. 
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Attempts to synthesize those types of ligands by Hartwig-Buchwald amination (Figure 
4.3) and a more traditional route involving a series of nitration, reduction, and alkylation 
reactions (Figure 4.4), however, were unsuccessful.  
Figure 4.2 Targeted iron complexes from Hartwig-Buchwald amination and 
































R1 = Me, Et, iPr








Figure 4.3 Hartwig-Buchwald amination of bromo aniline. 
R1 = Me, Et, iPr
R = alkyl










  37 
Figure 4.4 Traditional route: (I) protection, (II) nitration, (III), reduction, (IV) 






















R1 = Me (a), Et (b), iPr (c)





Successive attempts to perform a Hartwig-Buchwald amination on 
aniline/DAB/PBI bromide resulted in low yields, often due to over-alkylation or 
homocoupling of the bromoaniline. A search for more suitable catalyst, base, and solvent 
is needed to optimize the amination reaction. The other strategy met difficulties in the 
alkylation step (IV, Figure 4.4). The use of strong alkylating agents like methyl iodide 
cleaved the tosylate PGs off, whereas reductive amination with formaldehyde and sodium 
borohydride did not proceed to the desired product. Attempts to put the nitro group solely 
at position 3 using acetate PG (meta directing)51 did not yield clean product either; 
mixtures of monosubstituted and disubstituted nitroaniline were usually obtained and the 
purification was  laborious. 
Therefore, a different strategy to introduce the amino substituents was developed 
based on Suzuki coupling reactions. This approached proved to be successful, and a set of 
ligands containing dimethylamino (dma) and pyridine functional groups could be 
conveniently synthesized and subsequently converted to their respective Fe and Ni 
complexes (Figure 4.2B). The reaction begins with bromination of the commercially 
available 2,6-dialkylanilines 1 to yield 4-bromo-2,6-dialkylanilines 2. Compounds 2 
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undergo condensation with 2,3-butanedione or 2,6-diacetylenepyridine, yielding the 
imines 3 and 4 respectively (Figure 4.5), which were coupled with commercially 
available boronic acids in good yields to give ligands 5 and 6,  as illustrated in Figure 4.6. 
Figure 4.5 Bromination of aniline (I) followed by condensation of aniline bromide (II) 
to form DAB Br (3) or PBI Br (4).* 




























The bromination reactions proceeded smoothly in high yields. Condensation 
reactions to form the DAB ligands (3) were straightforward, whereas harsher conditions 
for removal of water were often needed to synthesize the PBI ligands 4. In those cases, 
tetraethyl ortho-silicate was employed as a water scavenger to drive the reactions to 
completion. 






 I, RT, 20 hours, 1/1 DCM/MeOH (quantitative yield); II, DAB: RT, 3 days, MeOH (~80% yield), PBI: 
140 oC, 3 days, toluene or with Si(OEt)4, 90 oC, 20 hours, toluene (>70% yield). 
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R1 = Me (a), Et (b), iPr (c)
Ar =
 
Suzuki coupling reactions of DAB and PBI ligands with 4-
(dimethylamino)phenylboronic acid were not straightforward and very much dependant 
on the palladium catalyst’s purity. In some cases, yield as high as 93% could be obtained 
whereas in the other, only 54% of product was formed. A common side product is one-
sided Suzuki coupling product (instead of dma phenyl, the other end is Br). Purification 
could be done by either recrystallization or column chromatography. 
Reactions with pyridin-4-ylboronic acid formed the equivalent of compound 5 
and 6 (Ar = -Py) as yellow crystalline solids. The two ligands form olive green nickel and 
iron complexes upon complexations with their respective metal salts, which however, 
were almost insoluble in all solvents except pyridine. Neither could they be characterized 
except for their mass spectra. Because of the solubility problem, few catalytic 






 III, Pd(PPh3)4, Na2CO3, 1/1 toluene/EtOH, 80 oC, 5 hours (depending on the ligand backbone and R1 
substituents, the yield varied from 54% to 93%). 
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experiments were performed on the two catalyst systems and they practically showed no 
catalytic activities.  
The mechanism behind the Suzuki coupling reaction is not well understood. It is 
believed that the mechanism involves: 1. oxidative addition of an aryl bromide to a Pd(0) 
complex by aromatic nucleophilic substitution, 2. transmetallation of the inorganic 
bromide and a boronic ester derivative, 3. reductive elimination leading to the organic 
“cross-coupling” product and the Pd(0) catalyst in its initial state (Figure 4.7). Due to the 
low nucleophilicity of the borane reagents, the Suzuki reaction requires the use of base in 
order to take place. The base is involved in several steps of the catalytic cycle, most 
notably in the transmetallation process. It might act as Lewis base, donating their 
electrons to the boron’s empty orbital and hence enhancing the borane’s nucleophilicity. 
The borane reagent can then attack the electrophilic Ar-Pd(II)-Br intermediate. It is 
widely accepted that the addition of electrophile to Pd(0) is the turnover-limiting step. 
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Complexation of 5 with 1,2-dimethoxyethane (dme) nickel halide produces DAB 
nickel halide precatalyst (7). And similarly, complexation of 6 with iron halide produces 
PBI iron halide precatalyst (8). Addition of cocatalyst (most commonly MAO) will then 
form the active catalyst for olefin polymerization. 
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R1 = Me (a), Et (b), iPr (c)
X = Cl, Br
 
To serve as a clay supported catalyst, the N groups of the dma substituents need to 
be quarternized (refer to Figure 4.2B). Quarternization can be done by either protonating 
or alkylating the N groups. The cationic complexes can then undergo cationic exchange 
reactions with the  sodium ions in the clay gallery, as discussed earlier in page 34-35. 
The complexes and ligands were characterized using a number of analytical 
techniques, like NMR, MS, EA, and single crystal XRD. Some interesting observations 
from NMR and single crystal XRD experiments are discussed in the subsequent sections. 
Experimental details are given in Chapter 5. 
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4.1.1 Single Crystal XRD Experiments of Dma Ligands 
Single crystals of 5a and 6a were grown in DCM/hexane and the structures were 
solved with SHELX97. Crystal structure analyses showed that to reduce steric constraint, 
the two ligands adopt open conformations. Upon complexation, the pendant groups 
rearrange and form N dative bonds with the metal center. The geometry of the iron 
complexes are expected to be intermediate structure between square planar and trigonal 
bipyramidal extremes, as reported earlier for other similar compounds.24, 52, 53 The 
structures of the nickel complexes are less predictable as they can form four-, five-, or 
six-coordinated compound.54 While an asymmetric unit in 6a constitutes one molecule 
(Figure 4.9), two molecules make up one asymmetric unit in 5a with the orientation 
depicted in Figure 4.10. 
Crystallographic data of the ligands are summarized in Table 4.1. The two 
compounds belong to monoclinic crystal system. Selected bond lengths, bond angles, and 
torsion angles of the two ligands are given in Table 4.2 and Table 4.3. 
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Table 4.1 Crystal data and structure refinement of 5a and 6a. 
Compound 5a 6a 
Empirical formula C36H42N4 C41H45N5 
Formula weight 530.75 607.84 
Solvent DCM/hexane DCM/hexane 
Color, habit yellow, block yellow, block 
Crystal size (mm3) 0.29 x 0.24 x 0.13 0.22 x 0.18 x 0.13 
Crystal system monoclinic Monoclinic 
Space group P21/n P21/a 
Unit cell dimensions   
a (Å) 10.017(6) 14.336(11) 
b (Å) 10.518(4) 12.403(9) 
c (Å) 29.022(19) 19.887(17) 
β (o) 97.35(2) 98.75(3) 
V (Å3) 3032.5(29) 3494.9(48) 
Z 4 4 
ρcalculated (g cm-3) 1.162 1.155 
F(000) 1144 1304 
Radiation used Mo-Kα Mo-Kα 
Absorption coefficient, µ (cm-1) 0.684 0.684 
θ range for data collected (o) 6.1 - 50.7 6.3 - 55.3 
Reflections collected 6917 7423 
Independent reflections 3894 (Rint = 0.031) 4730 (Rint = 0.035) 
R indices (all data)a,b R1 = 0.1077, wR2 = 
0.1399 
R1 = 0.1441, wR2 = 
0.1288 
Final R indices  R1 = 0.0606, wR2 = 
0.1399 
R1 = 0.0775, wR2 = 
0.1288 
Weighting factorsc x = 0.0577, y = 1.0796 x = 0.0000, y = 3.7519 
Goodness-of-fit on F2 1.041 1.054 
Largest diff. peak, hole (e Å-3) 0.19, -0.15 0.20, -0.21 
aR1 = Σ ||Fo| - |Fc|| / Σ |Fo|, bwR2 = [Σ (w (Fo2 - Fc2)2 )/ Σ w(Fo2)2]1/2, cw = 1 / [σ2 (Fo2) + (x . P)2 + y . 
P]. 
The structure and conformation of 6a is similar to that of 2,6-bis(1-(2,6-
dimethylphenylimino)ethyl)pyridine reported earlier by Huang et al..55 The two methyl 
groups (C18 and C25) are pointing away from the pyridine ring and the two imino C=N 
bonds have distinctive double-bond character. The planes of the substituted aryls (C9-
C14 and C26-C31) lie almost orthogonal to the PBI plane. This configuration minimizes 
the steric repulsion from the 2,6-substituents of each aryl group, whereby they are put on 
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top and below of the PBI plane. The two other aryls are tilted from the substituted ones 
by approximately 30o. The dma substituents located at the chain-ends are relatively 
planar, indicative of delocalization of the nitrogen lone pairs, further evidence is by N(1)-
C(3) and N(5)-C(37) bond lengths that are in between those of C=N and C-N (vide infra). 
Figure 4.9 ORTEP diagram of 6a. Hydrogen atoms are omitted for clarity. 
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Table 4.2 Selected bond lengths (Å), bond angles (o), and torsion angles (o) for 6a. 
The sign for torsion angle is positive if when looking from atom 2 to atom 3 a clock-wise 
motion of atom 1 would superimpose it on atom 4. 
N(3)-C(19) 1.350(5) N(1)-C(1) 1.433(9) 
N(3)-C(23) 1.334(9) N(1)-C(2) 1.446(10) 
N(2)-C(12) 1.433(6) N(1)-C(3) 1.394(7) 
N(2)-C(17) 1.278(8) N(5)-C(37) 1.393(11) 
N(4)-C(24) 1.282(9) N(5)-C(40) 1.423(10) 
N(4)-C(26) 1.437(6) N(5)-C(41) 1.447(9) 
    
C(19)-N(3)-C(23) 117.8(4) C(1)-N(1)-C(2) 117.0(5) 
C(12)-N(2)-C(17) 120.2(3) C(40)-N(5)-C(41) 119.6(8) 
C(24)-N(4)-C(26) 122.7(3) C(1)-N(1)-C(3) 119.5(4) 
N(3)-C(19)-C(20) 122.7(4) C(2)-N(1)-C(3) 117.3(4) 
N(3)-C(19)-C(17) 115.8(3) C(37)-N(5)-C(40) 121.2(5) 
N(2)-C(17)-C(19) 118.1(3) C(37)-N(5)-C(41) 118.3(5) 
N(2)-N(17)-C(18) 125.7(5)   
    
C(18)-C(17)-C(19)-N(3) 4.6(5) C(5)-C(6)-C(9)-C(10) 33.3(6) 
N(3)-C(23)-C(24)-C(25) -4.1(5) C(7)-C(6)-C(9)-C(14) 31.4(6) 
N(2)-C(17)-C(19)-C(20) 6.2(5) C(28)-C(29)-C(34)-C(35) -25.5(6) 
C(22)-C(23)-C(24)-N(4) -4.3(5) C(30)-C(29)-C(34)-C(39) -26.6(6) 
C(17)-C(12)-N(2)-C(11) 101.0(4) C(1)-N(1)-C(3)-C(8) 160.0(5) 
C(17)-C(12)-N(2)-C(13) -82.9(5) C(2)-N(1)-C(3)-C(4) -174.2(4) 
C(24)-N(4)-C(26)-C(27) -103.1(5) C(40)-N(5)-C(37)-C(38) -174.6(5) 
C(24)-N(4)-C(26)-C(31) 85.4(5) C(41)-N(5)-C(37)-C(36) 173.7(4)) 
 
The free ligand 5a is typical of α-dimines in adopting the anti conformation to 
minimize interactions between the two adjacent aryl groups. The DAB core is rigorously 
planar, indicative of delocalization that is further supported by the Caromatic-N bond length 
values. The planes of the substituted aryls lie almost orthogonal to the DAB plane, so as 
to minimise steric repulsion from the 2,6-substituents on each aryl group. This structural 
and conformational information was also observed with 1,4-(bis(2,6-
diisopropylphenyl)methyl)diazabutadiene.56 Similar to the PBI ligand described earlier, 
the aryls bearing dma substituents are tilted approximately 30-45o from the aryls 
substituted in the ortho positions. The dma groups located at the chain-ends are relatively 
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planar, indicative of delocalization of the nitrogen lone pairs, further evidence is by N(1)-
C(3) and N(3)-C(21) bond lengths that are in between those of C=N and C-N (vide infra). 
Figure 4.10 ORTEP diagram of 5a. Hydrogen atoms are omitted for clarity. 
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Table 4.3 Selected bond lengths (Å), bond angles (o), and torsion angles (o) for 5a. 
The sign for torsion angle is positive if when looking from atom 2 to atom 3 a clock-wise 
motion of atom 1 would superimpose it on atom 4. 
C(17)-C(17)1 1.493(4) C(35)-C(35)2 1.502(4) 
N(2)-C(17) 1.259(5) N(4)-C(35) 1.284(5) 
N(2)-C(12) 1.432(4) N(4)-C(30) 1.422(4) 
C(6)-C(9) 1.481(4) C(24)-C(27) 1.491(4) 
N(1)-C(3) 1.374(4) N(3)-C(21) 1.401(4) 
N(1)-C(1) 1.438(5) N(3)-C(19) 1.431(5) 
N(1)-C(2) 1.441(5) N(3)-C(20) 1.445(5) 
    
N(2)-C(17)-C(17)1 116.3(2) N(2)-C(35)-C(35)2 115.7(2) 
N(2)-C(17)-C(18) 126.1(3) N(2)-C(35)-C(36) 126.9(3) 
C(17)1-C(17)-C(18) 117.6(3) C(35)2-C(35)-C(36) 117.4(3) 
C(1)-N(1)-C(2) 118.4 (3) C(19)-N(3)-C(20) 117.0(3) 
C(1)-N(1)-C(3) 121.2(2)) C(19)-N(3)-C(21) 118.4(3) 
C(2)-N(1)-C(3) 120.4(3) C(20)-N(3)-C(21) 117.6(3) 
    
N(2)-C(17)-C(17)1-N(2)1 2.6(4) N(4)-C(35)-C(35)2-N(4)2 -0.4(4) 
N(2)-C(17)-C(17)1-C(18)1 -2.6(4) N(4)-C(35)-C(35)2-C(36)2 0.4(4) 
C(17)-N(2)-C(12)-C(11) 97.1(3) C(35)-N(4)-C(30)-C(29) -116.6(3) 
C(17)-N(2)-C(12)-C(13) 90.0(4) C(35)-N(4)-C(30)-C(31) 69.8(4) 
C(5)-C(6)-C(9)-C(10) 35.5(4) C(23)-C(24)-C(27)-C(28) -45.8(4) 
C(7)-C(6)-C(9)-C(14) 35.4(4) C(25)-C(24)-C(27)-C(32) -48.0(4)) 
C(1)-N(1)-C(3)-C(8) 177.6(3) C(19)-N(3)-C(21)-C(26) -168.0(3) 
C(2)-N(1)-C(3)-C(4) 174.2(3) C(20)-N(3)-C(21)-C(22) 162.2(3) 
4.1.2 Nickel and Iron Precatalysts 
Table 4.4 lists the complexes that have been prepared throughout the project, 
together with their physical appearances and yields. The DME nickel precursor is only 
partially soluble in the reaction mixture and hence DAB nickel complexes were generally 
produced in lower yields compared to PBI iron complexes. The nickel complexes are 
brown solids, whereas the iron complexes are intensely blue, purple or green. Literature 
known complexes 11 and 12 were included for comparative studies. 
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Table 4.4 Nickel and iron complexes [pyr = pyridine, Ar1 = (4-Me2N)-2,6-R1)C6H3, 
Ar2 = (4-Br-2,6-R1)C6H3, Ar3 = (2,6-R1)C6H3 where R1 = Me (a), Et (b), iPr (c)]. 
Comp
. 
Structure (short form) Abb. MW Yield, 
% 
Color 
7c Ar1N=C(Me)-C(Me)=NAr1NiBr2 Ni-dma 861.46 77 brown 
7c’ Ar1N=C(Me)-C(Me)=NAr1NiCl2 - 692.02 45 beige 
8a Ar1N=C(Me)-pyr-C(Me)=NAr1FeCl2 - 734.58 78 green 
8c Ar1N=C(Me)-pyr-C(Me)=NAr1FeCl2 Fe-dma 846.79 73 green 
9c Ar2N=C(Me)-C(Me)=NAr2NiBr2 Ni-Br 780.92 61 brown 
10a Ar2N=C(Me)-pyr-C(Me)=NAr2FeCl2 - 654.05 67 purple 
10b Ar2N=C(Me)-pyr-C(Me)=NAr2FeCl2 - 710.15 47 purple 
10c Ar2N=C(Me)-pyr-C(Me)=NAr2FeCl2 Fe-Br 766.26 83 blue 
11a Ar3N=C(Me)-C(Me)=NAr3NiBr2 - 496.25 88 purple 
11c Ar3N=C(Me)-C(Me)=NAr3NiBr2 Ni-
Brookhart 
534.23 81 brown 
12a Ar3N=C(Me)-pyr-C(Me)=NAr3FeCl2 - 496.25 88 purple 
12c Ar3N=C(Me)-pyr-C(Me)=NAr3FeCl2 Fe-
Gibson 
608.47 92 blue 
 






































R1 = Me (a), Et (b), iPr (c)
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The iron complexes were characterized by 1H NMR, MS, and EA. The nickel 
complexes could not be characterized by NMR due to their low solubility in standard 
deuterated solvents; they were characterized by MS and EA. Attempts to obtain an XRD 
structure of complex 8c were not successful. Only fine needle-like green crystals could be 
obtained from concentrated DCM and DCM/pentane solutions. The crystals were not 
suitable for single crystal XRD measurements. 
4.1.2.1 Nuclear Magnetic Resonance Spectra of the Iron Complexes 
NMR studies of the iron complexes gave useful insight, despite the lack of 
coupling information for their paramagnetic nature. Broad singlets are observed in all 
cases. The peaks were assigned on the basis of integration and proximity to the 
paramagnetic center. Figure 4.12 shows the 1H NMR spectra of the PBI iron complexes 
bearing isopropyl (12c, 10c, 8c) or methyl (12a, 10a, 8a) groups in the 2,6 positions. 1H 
NMR spectra of 12a and 12c are in a good agreement with the reported 1H NMR spectra 
of similar complexes.27 The peak assignments for the other complexes are given in their 
respective spectra. Due to their low solubility in CD2Cl2, the pyr-Hp peaks for 12a and its 
respective bromo and dma substituted complexes were not observed (it was reported as 
39.6 ppm peak in the literature described 12a complex). 
Different chemical shift patterns were observed for the two groups of complexes. 
These are explained by a concentration dependant effect. The solubility of PBI iron 
complex in CD2Cl2 increases with bulkier ortho substituents, due to the increase in the 
entropy of the system. Depending on its concentration, both patterns were observed with 
2,6-bis(1-(4-bromo-2,6-diethylphenylimino)ethyl)pyridine iron(II) chloride (10b). Higher 
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concentration gave a similar spectrum to 10a (Figure 4.12B) whereas lower concentration 
gave a similar spectrum to 10c (Figure 4.12A). 
For both types of spectra, peaks associated with protons g, h, and i were observed 
in the 0-10 ppm range, which was expected as they were quite far from the paramagnetic 
center. With respect to 10a, only two additional peaks were observed for 8a. The peak at 
3.86 ppm was assigned to the protons of the NMe2-group, whereas the peak at 7.95 ppm 
was assigned to ortho and/or meta protons of the second aromatic rings. The other peak 
might overlap with the CHDCl2 peak. The respective peaks of 8c were defined as follows: 
4.16 ppm (NMe2), 5.48 (Ar-Ho/Ar-Hm), 8.25 ppm (Ar-Ho/Ar-Hm). 
A few very small peaks in the 0-5 ppm range, associated with silicone grease 
(0.07 ppm, CH3), linear aliphatic hydrocarbons grease (0.86 ppm, CH3 and 1.26 ppm, 
CH2), THF (1.85 ppm, CH2 and 3.76 ppm, CH2O), and n-pentane (0.88 ppm, CH3 and 
1.27 ppm, CH2), were observed in some of the 1H NMR spectra (10c, 12a, 10a, 8a). 
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Figure 4.12 1H NMR spectra (400 MHz, CD2Cl2) of paramagnetic PBI iron complexes. 
A) 12c (top), 10c (middle), 8c (bottom) 
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B) 12a (top), 10a (middle), 8a (bottom) 
 
4.2 CATALYTIC STUDIES 
The catalytic activity in ethylene polymerization was tested for selected 
complexes, and the resulting PEs were analyzed for  molecular weight, MWD, melting 
point, and chain-end structure. As most complexes did not dissolve well in toluene, they 
were made soluble by preactivating with MAO, unless otherwise stated. Upon activation, 
the color of the iron complexes changed from blue/green to orange, and the color of the 
nickel complexes changed from brown to orange, which turned to green after quite some 
time. The green nickel-species are inactive in polymerization catalysis. 
Olefin polymerization is vulnerable to reaction parameters like catalyst loading, 
cocatalyst ratio, monomer concentration, reaction temperature, and reaction time. When 
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there is no mass transfer limitation, the polymerization rate increases linearly with 
catalyst loading and monomer concentration. Increasing cocatalyst ratios generally 
induce an exponential increase in the reaction rate. As chain transfer to aluminum is more 
common with PBI iron catalysts, the use of high cocatalyst ratios in this system often 
results in bimodal molecular weight distributions (with low molecular weight polymer as 
the main fraction). Besides affecting the reaction rate, high reaction temperatures and low 
monomer concentration (low olefin gas pressure) usually increase the proportion of lower 
molecular weight fractions. Performing a polymerization reaction at a catalyst’s optimum 
temperature and within its life span might significantly improve the catalyst productivity. 
In addition to the aforementioned factors, little variation in the catalyst structure 
can also induce changes in polymerization rate and polymer chain distribution. 
Complexes with bulkier substituents at the ortho positions tend to react faster and 
produce higher molecular weight polymer. The bulky groups serve to lower the activation 
energy and block the reaction termination pathway. Further explanations can be found in 
section 3.1.1 and 3.1.2.  
4.2.1 DAB Nickel versus PBI Iron Precatalysts 
Initial polymerization reactions were done with 1 µmol of nickel or iron 
complexes (preactivated with MAO) in a 300-mL Parr reactor under 60 psi ethylene 
pressure and RT for 30 minutes (Table 4.5). 
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Table 4.5 Polymerization conditions: 1 µmol precatalyst, 4 bar, RT, 30 min., 100 mL 
toluene. 




Aa  Tmb, 
oC 
Modality Mnc Mwc 
 
PDIc 
A) ArN=C(Me)-pyr-C(Me)=NArFeCl2 Complexes 
1 12c 1000 5.9 2400 132 mono 11900 101000 8.5 
2 10a 1000 4.6 2300 133 bi (overlap) 12500 80300 6.4 
3 10b 1000 10.4 5250 130 bi (overlap) 11400 62900 5.5 
4 10c 1000 1.6d 820 132 mono 73400 426000 5.8 
5 10c 5000 6.0 2900 133 bi 5700 238000 41.8 
6 8a 1000 7.7 3900 133 mono 32600 132000 4.0 
7 8c 1000 7.8 3900 136 mono 77600 826000 10.6 
8 8c 5000 14.0 7000 136 mono 19200 530000 27.6 
B) ArN=C(Me)-C(Me)=NArNiBr2 Complexes 
9 11c 1000 1.3 600 94 mono 1275000 1836000 1.4 
10 9c 3000 2.9 1450 68 mono 1312000 2012000 1.5 
11 7c 1000 1.5 750 112 mono 1193000 1784000 1.5 
12 7c’ 1000 0 0 - - - - - 
aActivity is reported in [kg(PE) . mol(precatalyst)-1 . bar-1 . h-1]. bTm was determined by DSC 
(heating rate = 20 oC/min). cMn and Mw were determined by GPC at 160 oC and reported in [kg . 
mol-1]. dLow yield, suspected experimental error. 
The iron catalysts showed much higher activities than their nickel counterparts. 
However, they reached their maximum activity after 3-10 minutes, as indicated by the 
reaction temperature profile under adiabatic conditions. Despite their relatively low 
activities, nickel catalysts produced PEs with much higher molecular weight and very 
narrow polydispersity. The high polydispersity of PEs produced by Gibson-type iron PBI 
catalysts is in agreement with literature.25, 53, 57 Reactor fouling (deposits of polymer at 
the vessel and stirrer) was commonly observed and stronger for the nickel catalysts. 
The nickel bromide  complexes 9c and 7c had activities comparable to that of the 
literature described catalyst (11c), whereas the nickel chloride complex (7c’) had 
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insufficient solubility in toluene/MAO to be catalytically active. From the data in table 
4.5, no obvious trend can be observed for the activities of the iron complexes. This might 
be due to mass transfer limitation phenomenon; polymer chains might block the 
monomer access to the catalytic active sites. For a better comparison of the iron catalysts, 
subsequent polymerization reactions were done in a 1 L jacketed reactor with temperature 
control and low ethylene pressures. 
The melting point data are more straightforward; PEs from iron complexes were 
found to have Tm in the 130-136 oC range, whereas those from nickel complexes were in 
the 66-76 oC range for polymerizations carried out at 35 oC and slightly higher for those 
carried out at RT, i.e. 94 and 112 oC for 11c and 7c respectively.  
4.2.2 PBI Iron Precatalysts: Activity, Molecular Weight, and Morphology 
Further polymerization experiments with PBI iron catalysts summarized in Table 
4.6, Table 4.7, and Table 4.8 suggest that the activities of the catalysts with dma pendant 
groups (8a, 8c) are not as high as the literature reported 12c and 10c. The differences 
were made obvious by lowering the reaction pressure and temperature. The higher 
molecular weight of the PEs, on the other hand, can be explained. A look back into Table 
4.5 and Table 4.6 shows that the products of 8a and 8c generally have higher Mn and Mw, 
indicating lower chain-transfer to the aluminum centers. The polymers of 8a and 8c also 
have different morphology from those of 10c and 12c complexes; the former produces 
more powdery polymers. 
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Table 4.6 Polymerization conditions: 2 bar ethylene, 35 oC, 30 min., 250 mL toluene. 




Mnc Mwc PDIc 
19 12c 1 1000 13.40 13400 132 80.2 292 3.6 
20 10c 1 1000 13.20 13200 133 79.9 337 4.2 
21 8c 1 1000 10.30 10300 nd 200 1150 5.7 
22 8a 1 1000 10.20 10200 nd nd nd nd 
aActivity is reported in [kg(PE) . mol(precatalyst)-1 . bar-1 . h-1]. bTm was determined by DSC 
(heating rate = 20 oC/min). cMn and Mw were determined by GPC at 160 oC and are reported in 
[kg . mol-1].  
Table 4.7 Polymerization conditions: 30 psi, 10 oC, 30 min., 250 mL toluene. 




Mnc Mwc PDIc 
23 12c 1 1000 12.00 12000 nd nd nd nd 
24 8c 1.3 1000 10.00 7700 nd nd nd nd 
aActivity is reported in [kg(PE) . mol(precatalyst)-1 . bar-1 . h-1]. bTm was determined by DSC 
(heating rate = 20 oC/min). cMn and Mw were determined by GPC at 160 oC and are reported in 
[kg . mol-1]. 
Table 4.8 Polymerization conditions: 15 psi, 10 oC, 30 min., 250 mL toluene. 




Mnc Mwc PDIc 
25 12c 1 1000 12.84 12800 nd nd nd nd 
26 8c 1 1000 2.51 2500 nd nd nd nd 
aActivity is reported in [kg(PE) . mol(precatalyst)-1 . bar-1 . h-1]. bTm was determined by DSC 
(heating rate = 20 oC/min). cMn and Mw were determined by GPC at 160 oC and are reported in 
[kg . mol-1]. 
No prominent observation and trend can yet be concluded from these experiments. 
Olefin polymerizations are vulnerable to changes; slight difference in one or more 
parameters can greatly affect the outcome, be it the catalytic activities or the properties of 
the polymers. More extensive studies by varying one parameter at a time need to be done 
to get more comprehensive view on the catalytic performance and their effect on the 
product properties. Optimum polymerization conditions vary among different catalysts; 
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to get the catalysts perform efficiently and effectively, the right amount of precatalysts 
and cocatalysts as well as pressure and temperature have to be applied. One thing to note, 
complexes bearing amino substituents at the phenyl rings, possess the potential to be 
efficient catalysts for making polyolefin-clay nanocomposites. In this research, they have 
been made cationic and supported on MMT clay. Upon ethylene addition, PE-clay 
nanocomposites were formed. The syntheses and characterizations of the resulting 
composites are discussed in section 4.3. 
4.3 IN SITU INTERCALATIVE POLYMERIZATIONS 
A few catalytic experiments have been performed on MMT-supported catalyst 8c. 
The heterogeneous systems generally showed lower catalytic activities than their 
homogeneous analogues. The immobilized catalysts displayed a slower activation, and 
reached their maximum activity (indicated by the maximum of the reaction temperature 
under adiabatic conditions) within about 15 minutes (as compared to 2-3 minutes for the 
homogeneous catalysts). 
4.3.1 Catalyst Immobilizations 
The complexes were immobilized by two methods, i.e. aqueous and non-aqueous. 
For both methods, complex 8c, HBF4.OEt2, and MMT clay were stirred in THF at room 
temperature; for the aqueous method, H2O is added to the system (H2O is known to be 
the best solvent for the cation exchange). The catalysts formed by the aqueous method 
were found to have very low activities. Attempt to intercalate an ammonium surfactant 
together with 8c even resulted in no polymerization activity at all (Table 4.9, entry 2). 
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Subsequent organoclays (OCs) were prepared by the the non-aquous method, which were 
then observed to have substantially higher catalytic activities (entry 4-7). XRD spectra 
show an increase in the clay d-spacing from 1.13 nm (pristine clay) to 1.3 – 1.4 nm for all 
the OCs, regardless on the intercalation methods employed. The observation suggests the 
presence of the intercalated structures in the OCs. Alkylations with (MeO)3BF4 caused 
discoloration and lower catalytic activities of the resulting OCs (entry 3), and hence at 
this point of time, further catalytic studies were focused on the protonated 8c OCs. 
Figure 4.13 XRD spectra of: A) Pristine MMT, B) OC-1, C) OC-2. 
 
The OCs used in the in situ intercalative polymerizations are identified as OCaq-1 
(0.8% 8c), OCaq-2 (4.4% 8c + (C16TMA)Br), OC-1 (9.1% 8c, alkylated), OC-2 (0.5% 8c, 
protonated). OCaq and OC refer to OCs synthesized by the aqueous and non-aqueous 
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methods, respectively. Alkylated or protonated are ascribed for OCs prepared with the aid 
of (MeO)3BF4 or HBF4.OEt2. OCctrl refers to precatalysts intercalated with solely 
complexes, no alkylating or protonating agent involved. Details on the compositions and 
methods involved in the catalyst immobilizations are given in section 5.3. 
4.3.2 In situ Intercalative Polymerizations 
As mentioned earlier, the non-aqueous method produced an OC that showed 10 
fold increases in the catalytic activity compared to the aqueous method (entry 1 vs. 4). In 
addition to MAO, the MMT supported 8c precatalyst could also be activated by AlMe3 
and AlEt3 (entry 6 and 7). Changing the cocatalysts had a pronounced effect on the 
products’ molecular weights, MWD, and PDI values (Table 4.9). The polymer produced 
using AlEt3 has much higher polydispersity values than those produced using MAO and 
AlMe3. Bimodal MWDs were observed for all polymerizations with AlMe3 cocatalyst. 
To confirm the role of a cocatalyst in the reaction, OC-2 precatalyst was subjected 
to ethylene monomers without adding any cocatalyst (entry 8); no product was formed. In 
situ intercalative polymerizations with OCctrls observed no catalytic activities (entry 9 and 
10). The results support the importance of the dma groups and of quarternizing them for 
the complexes to be intercalated in the clay gallery.  
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Table 4.9 In situ intercalative polymerizations of ethylene and MMT supported dma 
catalysts. 
No. Cat. g 8c, 
µmol 










1 OCaq-1 1.0 9 MAO 1000 60 RT 30 1.9 50 
2 OCaq-2 0.5 26 MAO 200 160 RT 30 0 0 
- Non-aqueous 
3 OC-1 0.5 54 MAO 60 110 RT 45 15.5 50 
4 OC-2 0.5 3 MAO 1000 90 RT 45 6.9 475 
5 OC-2 1.0 6 MAO 1600 150 RT 45 19.6 425 
6 OC-2 1.0 6 AlMe3 960 150 RT 45 25.0 800 
7 OC-2 1.0 6 AlEt3 1200 150 RT 45 9.4 200 
- Control Experiments 
8 OC-2 0.3 2 - - 150 RT 30 0 0 
9 OCctrl-8c 0.5 3 MAO 1000 160 30 30 0 0 
10 OCctrl-12c 0.5 3 MAO 1300 150 RT 35 0 0 
aYield is reported as the weight of the polymer-clay composite minus the weight of the OC. 
bActivity is reported in [kg(PE) . mol(precatalyst)-1 . bar-1 . h-1]. 
Table 4.10 Polymer-clay composite characterization data. 
No. Tma, 
oC 
Mnb Mwb PDIb XRD % org. 
contentc 





1 136 Nd nd nd 1.47 Low 72.7 
3 134 Nd nd nd 1.44 High 89.7 
4 134 Nd nd nd 1.50 High 96.4 
5 134 173000 375000 2.2 1.26 High 75.4 
6 135 135000 353000 2.6 1.44 High 81.8 
7 134 900 133000 147.8 1.32 High 78.6 
aTm was determined by DSC (heating rate = 10 oC . min-1). cMn and Mw were determined by GPC 
at 160 oC and are reported in [g . mol-1]. cOrganic content was determined by TGA. nd = not 
determined. 
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Powder X-ray Diffractometry 
XRD spectra of the polymer samples show that neither the aqueous OC nor the 
non-aqueous OC produced an exfoliated structure. The clay peaks are still observable in 
the 1.1-1.2 nm region, together with the appearance of PE peaks. Low PE peaks were 
observed for polymers produced with aqueous OC (Figure 4.14B), whereas those 
produced with non aqueous OC show higher PE peaks intensity (Figure 4.14C and D). 
The results suggest the occurrence of intercalated structures for the composites formed 
with non-aqueous OC.   
Figure 4.14 XRD spectra of: A) Polyethylene, B) Table 4.9, entry 1, C) entry 3, D) 
entry 5. 
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Thermogravimetric Analysis 
TGA of the composites showed organic contents of 72.7% (Table 4.9, entry 1), 
89.7% (entry 3), and 75.4% (entry 5). The values have been adjusted to take into account 
of the organic content of pristine MMT clay. The non-aqueous method is obviously a 
better choice as shown by the activity value and the percentage of organic materials 
incorporated in the composite. A balance between the amount of complex and clay is 
needed for the catalyst to perform optimally while minimizing the clay obstruction effect 
on confined polymerization reactions. 
Figure 4.15 TGA curves of A) MMT, B) Table 4.9, entry 1, C) entry 5, D) entry 5. 
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CHAPTER 5 EXPERIMENTAL PROCEDURE 
5.1 LIGANDS AND COMPLEXES 
General. All manipulations of air- and/or moisture-sensitive compounds were carried out 
under an atmosphere of argon using standard Schlenk and cannula techniques, or in an 
argon-filled glovebox. All chemicals and solvents bought from commercial suppliers 
were used as received unless otherwise stated. Pentane, toluene, THF, Et2O, and DCM 
were purified with an M. Braun solvent purification system by purging with argon and 
passing through a column filled with activated alumina and, in the case of THF and Et2O, 
4 Å molecular sieves. NMR solvent of complexes was degassed using Freeze-Pump-
Thaw technique. NMR spectra were recorded on a Bruker Avance 400SB UltraShield 
spectrometer in CDCl3 unless otherwise stated. Chemical shifts are referenced to the 
residual proton impurity of the deuterated solvent for 1H NMR or to the deuterated 
solvent signal for 13C NMR spectroscopy, and expressed in ppm relative to 
tetramethylsilane. Mass spectra were registered with a Finnigan MAT 95XP (FAB-
HRMS) and with a Macromass Quattro micro™ API (ESI-MS) spectrometers. 
Microanalyses for CHNS were performed with a Perkin-Elmer 2400 CHN/CHNS and a 
EuroVector – EuroEA 3000 elemental analyzer, and those for metals were performed 
with a Thermal Jarrell Ash Duo Iris ICP-OES. Single crystal XRD measurements were 
made on an AFC12 SATURN 70 diffractometer with graphite monochromated Mo-Kα 
radiation. Powder X-ray data were collected on a Bruker D8 Avance diffractometer with 
  65 
a high-speed detector using Cu Kα radiation (λ= 1.540589 Ǻ) with the Bragg angle 2φ 
ranging from 2° to 30° and a step size of 0.017°, total scan time 216 s. 
2c58: 2,6-diisopropylaniline (17.83 g, 100 mmol) was dissolved in DCM/MeOH (50/50 
mL). Bromine (17.30 g, 108 mmol) was dissolved in DCM/MeOH (25/25 mL). The 
bromine solution was added dropwise to the 2,6-diisopropylaniline solution. After 
complete addition, the solvents were evaporated and the hydrobromide salt was isolated 
by filtration and washed with ethyl acetate. The free base was obtained by extraction 
from a 2M NaOH solution with DCM or toluene. The organic phase was dried over 
MgSO4, filtered, and evaporated to yield a clear yellowish liquid product, which was then 
recrystallized from toluene to get 2c as a colorless solid (quantitative yield). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.10 (s, 2H, Ar-H), 3.67 (br, 2H, NH2), 2.84 (sept, 
2H, J = 7.4 Hz, CHMe2), 1.22 (d, 12H, J = 7.4 Hz, CHMe2). 13C NMR (400 MHz, CDCl3): 
δ (ppm) 139.3 (Ar-Cipso), 134.5 (Ar-C), 125.6 (Ar-C), 111.0 (Ar-Cp), 27.9 (CHMe2), 22.1 
(CHMe2). ESI-MS: m/z 256.09 [M+H]+. Anal. calculated: C, 56.26; H, 7.08; N, 5.47 %, 
found: C, 56.27; H, 6.96; N, 5.57 % 
2a, 2b  Using above procedure, 2a and 2b were obtained in quantitative yield as white 
crystalline solids. The anilines were hygroscopic and discolored upon prolonged 
exposure to air.  
2a: 1H NMR (400 MHz, CDCl3): δ (ppm) 7.10 (s, 2H, Ar-H), 3.58 (br, 2H, NH2), 2.17 (s, 
6H, Ar-Me). 13C NMR (400 MHz, CDCl3): δ (ppm) 141.7 (Ar-Cipso), 130.4 (Ar-C), 123.5 
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(Ar-C), 109.2 (Ar-Cp), 17.3 (Ar-Me). EI-MS: m/z 198.95 [M]+. Anal. calculated: C, 48.02; 
H, 5.04; N, 7.00 %, found: C, 48.05; H, 4.65; N, 6.88 %.  
2b: 1H NMR (400 MHz, CDCl3): δ (ppm) 6.97 (s, 2H, Ar-H), 3.46 (br, 2H, NH2), 2.38 (q, 
4H, J = 7.3 Hz, CH2Me), 1.14 (t, 6H, J = 7.3 Hz, CH2Me). 13C NMR (400 MHz, CDCl3): 
δ (ppm) 140.5 (Ar-Cipso), 129.5 (Ar-C), 128.3 (Ar-C), 110.1 (Ar-Cp), 24.0 (CH2Me), 12.7 
(CH2Me). EI-MS: m/z 228.98 [M]+. Anal. calculated: C, 52.65; H, 6.19; N, 6.14 %, found: 
C, 52.90; H, 6.28; N, 6.26 %. 2c,. 
5.1.1 Ligands 
3c: Bromoaniline 2c (16.59 g, 0.65 mol) and 2,3-butanedione (2.71 g, 0.31 mmol) were 
dissolved separately in 25 mL of MeOH. The two solutions were mixed and a few drops 
of glacial acetic acid were added. The reaction mixture was stirred at RT for 3 days. The 
yellow suspension was filtered and the product was recrystallized from hot toluene. 3c 
was obtained as a bright yellow solid (14.32 g, 81%). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.26 (s, 4H, Ar-H), 2.62 (sept, 4H, J = 7.4 Hz, 
CHMe2), 2.04 (s, 6H, N=C-Me), 1.16 (d, 24H, J = 7.4 Hz, CHMe2). 13C NMR (400 MHz, 
CDCl3): δ (ppm) 168.7 (N=C-Me), 145.0 (Ar-Cipso), 137.5 (Ar-C), 126.3 (Ar-C), 117.2 
(Ar-Cp), 28.6 (CHMe2), 22.8 (CHMe2), 22.4 (CHMe2), 16.6 (N=C-Me). CI-MS: m/z 
563.18 [M]+. Anal. calculated: C, 59.79; H, 6.81; N, 4.98 %, found: C, 59.97; H, 6.58; N, 
5.06 %. 
3a Using above protocol, 3a was synthesized from 2a and butanedione in  81% yield. 
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1H NMR (400 MHz, CDCl3): δ (ppm) 7.22 (s, 4H, Ar-H), 2.02 (s, 6H, N=C-Me), 2.00 (s, 
12H, ArMe). 13C NMR (400 MHz, CDCl3): δ (ppm) 168.5 (N=C-Me), 147.2 (Ar-Cipso), 
130.6 (Ar-C), 126.9 (Ar-C), 115.9 (Ar-Cp), 17.6 (ArMe), 15.9 (N=C-Me). EI-MS: m/z 
449.93 [M]+:. Anal. calculated: C, 53.36; H, 4.93; N, 6.22 %, found: C, 54.01; H, 4.73; N, 
6.13 %. 
4c.  Bromoaniline 2c (3.50 g, 13.7 mmol) and 2,6-diacetylenepyridine (1.00 g, 6.2 mmol) 
were dissolved in 25 mL of toluene each. The two solutions were mixed, then catalytic 
amounts of p-toluenesulfonic acid and 10 g of molecular sieves (4 Å) were added. The 
reaction mixture was stirred at 140 oC for 3 days. The solvent was evaporated and the 
product was recrystallized from toluene. 4c was obtained as a yellow solid (2.82 g, 72%). 
1H NMR (400 MHz, CDCl3): δ (ppm) 8.47 (d, 2H, J = 7.4 Hz, pyr-H), 7.94 (t, 1H, J = 7.4 
Hz, pyr-H), 7.27 (s, 4H, Ar-Hm), 2.72 (sept, 4H, J = 7.4 Hz, CHMe2), 2.27 (s, 6H, N=C-
Me), 1.15 (d, 24H, J = 7.4 Hz, CHMe2). 13C NMR (400 MHz, CDCl3): δ (ppm) 167.6 
(N=C-Me), 154.9 (pyr-C), 145.4 (Ar-Cipso), 138.2 (Ar-C), 137.0 (pyr-C), 126.3 (Ar-C), 
122.4 (Ar-Cp), 116.9 (pyr-C), 28.4 (CHMe2), 23.0 (CHMe2), 22.6 (CHMe2), 17.2 (N=C-
Me). ESI-MS: m/z 640.18 [M+H]+. Anal. calculated: C, 61.98; H, 6.46; N, 6.57 %, found: 
C, 62.30; H, 6.48; N, 6.63 %. 
4a The procedure was modified for 4a as only 45% yield after prolonged reaction times 
were obtained: 2a (5.49 g, 27 mmol), 2,6-diacetylenepyridine (2.04 g, 12 mmol) and 
Si(OEt)4 (11.55 g, 55 mmol) were mixed together and the reaction mixture was stirred at 
90 oC for 20 hours. The solvent was evaporated and the product was recrystallized from 
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toluene to give a yellow solid (4.63 g, 71%). A similar procedure was used to synthesize 
4b (88% yield). 
4a, 1H NMR (400 MHz, CDCl3): δ (ppm) 8.46 (d, 2H, J = 7.4 Hz, pyr-H), 7.92 (t, 1H, J = 
7.4 Hz, pyr-H), 7.23 (s, 4H, Ar-Hm), 2.24 (s, 6H, N=C-Me), 2.03 (s, 12H, Ar-Me). 13C 
NMR (400 MHz, CDCl3): δ (ppm) 13C NMR (400 MHz, CDCl3): δ (ppm) 168.2 (N=C-
Me), 154.7 (pyr-C), 147.4 (Ar-Cipso), 137.0 (pyr-C), 130.6 (Ar-C), 127.8 (Ar-C), 122.7 
(pyr-C), 115.8 (Ar-Cp), 17.7 (ArMe), 16.6 (N=C-Me). EI-MS: m/z 526.87 [M]+. Anal. 
calculated: C, 56.94; H, 4.78; N, 7.97 %, found: C, 56.91; H, 4.77; N, 7.95 %.  
4b, 1H NMR (400 MHz, CDCl3): δ (ppm) 8.51 (d, 2H, J = 7.4 Hz, pyr-H), 7.96 (t, 1H, J = 
7.4 Hz, pyr-H), 7.27 (s, 4H, Ar-Hm), 2.39 (m, 8H, J = 7.4 Hz, CH2Me), 2.27 (s, 6H, N=C-
Me), 1.16 (t, 12H, J = 7.4 Hz, CH2Me). 13C NMR (400 MHz, CDCl3): δ (ppm) 167.9 
(N=C-Me), 154.7 (pyr-C), 146.5 (Ar-Cipso), 137.1 (pyr-C), 133.6 (Ar-C), 128.8 (Ar-C), 
122.6 (pyr-C), 116.4 (Ar-Cp), 24.4 (CH2Me), 16.9 (N=C-Me), 13.4 (CH2Me). EI-MS: m/z 
582.92 [M]+. Anal. calculated: C, 59.70; H, 5.70; N, 7.20 %, found: C, 60.14; H, 5.83; N, 
7.20 %.  
5c. Compound 3c (1.130 g, 2.0 mmol) was dissolved in 30 mL of toluene. A suspension 
of 4-Dimethylamino boronic acid (0.726 g, 4.3 mmol) in 30 mL of EtOH and 2M 
Na2CO3 (8 mL) were added. The reaction mixture was sparged with argon prior to 
addition of Pd(PPh3)4 (0.175 g, 7.5 mol%). The reaction was run under argon at 80 oC for 
3 hours. The solvent was removed and the solid residue was extracted with DCM. The 
filtered extracts were evaporated to dryness and the product was recrystallized from 
DCM/hexane. The yield of 5c was 0.928 g (73%) as a yellow solid.  
  69 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.55 (d, 4H, J = 7.4 Hz, Ar-H), 7.36 (s, 4H, Ar-H), 
6.85 (d, 4H, J = 7.4 Hz, Ar-H), 3.01 (s, 12H, NMe2), 2.77 (sept, 4H, J = 7.4 Hz, CHMe2), 
2.14 (s, 6H, N=C-Me), 1.25 (d, 24H, J = 7.4 Hz, CHMe2). 13C NMR (400 MHz, CDCl3): 
δ (ppm) 168.4, 149.7, 144.7, 136.6, 135.3, 130.4, 127.5, 121.2, 112.9, 40.7, 28.6, 23.1, 
22.8, 16.7. ESI-MS: m/z 643.51 [M+H]+. Anal. calculated: C, 82.19; H, 9.09; N, 8.71 %, 
found: C, 81.88; H, 9.12; N, 8.47 %. 
5a Using above protocol, 5a was synthesized from 3a in 70% yield as a yellow solid. 
 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.52 (d, 4H, J = 8.8 Hz, Ar-H), 7.29 (s, 4H, Ar-H), 
6.82 (d, 4H, J = 8.8 Hz, Ar-H), 2.99 (s, 12H, NMe2), 2.10 (s, 6H, N=C-Me), 2.10 (s, 12H, 
ArMe). 13C NMR (400 MHz, CDCl3): δ (ppm) 168.3, 149.6, 146.7, 136.2, 129.4, 127.3, 
125.9, 125.0, 112.9, 40.7, 18.0, 16.0. EI-MS: m/z 530.30 [M]+. Anal. calculated: C, 81.47; 
H, 7.98; N, 10.56 %, found: C, 81.63; H, 8.08; N, 10.32 %.  
6c. Compound 4c (3.20 g, 5 mmol) was dissolved in toluene (75 mL). A suspension of 4-
Dimethylamino boronic acid (2.48 g, 15 mmol) in 30 mL of EtOH and 2M Na2CO3 (20 
mL) were added. The reaction mixture was sparged with argon prior to addition of 
Pd(PPh3)4 (0.577 g, 5.0 mol%). The reaction was run under argon at 80 oC for 5 hours. 
The solvent was removed and the solid residue was extracted with DCM. The filtered 
extracts were evaporated to dryness and the product was recrystallized from 
DCM/hexane to give 6c as a yellow solid (3.33 g, 93%)  
1H NMR (400 MHz, CDCl3): δ  (ppm) 8.51 (d, 2H, J = 7.4 Hz, pyr-H), 7.94 (t, 1H, J = 
7.4 Hz, pyr-H), 7.55 (d, 4H, J = 7.4 Hz), 7.36 (s, 4H, Ar-H), 6.84 (d, 4H, J = 7.4 Hz, Ar-
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H), 3.00 (s, 12H, NMe2), 2.82 (sept, 4H, J = 7.4 Hz, CHMe2), 2.33 (s, 6H, N=C-Me), 1.22 
(d, 24H, J = 7.4 Hz, CHMe2). 13C NMR (400 MHz, CDCl3): δ (ppm) 167.1, 155.2, 149.7, 
145.0, 136.4, 136.4, 136.0, 130.4, 127.5, 122.2, 121.2, 113.0, 40.8, 28.4, 23.3, 23.0, 17.3. 
EI-MS: m/z 719.46 [M]+. Anal. calculated: C, 81.73; H, 8.54; N, 9.73 %, found: C, 81.18; 
H, 8.11 N, 9.44 %. 
6a Using above protocol, 6a was obtained from 4a in 54% yield as a yellow solid.  
1H NMR (400 MHz, CDCl3): δ  (ppm) 8.50 (d, 2H, J = 7.4 Hz, pyr-H), 7.93 (t, 1H, J = 
7.4 Hz, pyr-H), 7.53 (d, 4H, J = 7.4 Hz, Ar-H), 7.29 (s, 4H, Ar-H), 6.82 (d, 4H, J = 7.4 
Hz, Ar-H), 3.00 (s, 12H, NMe2), 2.30 (s, 6H, N=C-Me), 2.11 (s, 12H, ArMe). 13C NMR 
(400 MHz, CDCl3): δ (ppm) 167.4, 155.2, 147.1, 136.8, 135.9, 127.3, 125.9, 125.7, 122.2, 
112.9, 40.7, 18.2, 16.6. EI-MS: m/z 607.20 [M]+. Anal. calculated: C, 81.02; H, 7.46; N, 
11.52 %, found: C, 80.29; H, 7.26; N, 11.02 %.  
5.1.2 Complexes 
7c. Ligand 5c (0.322 g, 0.5 mmol) and (dme)NiBr2 (0.155 g, 0.3 mmol) were added to 
dry DCM (20 mL) in a 50 mL Schlenk tube. The mixture turned brown immediately and 
was stirred at RT for 20 hours. The solid was filtered, dissolved in dry DCM (10mL), and 
filtered again. The filtrate was evaporated to dryness to yield 7c (0.330 g , 77%) as a 
brown solid.  
MS-FAB: m/z 883.69 [M+Na]+. Anal. calculated: C, 61.35; H, 6.79; N, 6.50 %, found: C, 
61.44; H, 6.62; N, 6.54 %. 
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7a. Using above protocol, 7a was obtained from 5a and (dme)NiCl2 as a beige solid 
(45%). 
8c. Ligand 6c (1.602 g, 2.2 mmol) and FeCl2.4H2O (0.438 g, 2.2 mmol) were added to 
dry THF (44 mL) in a 250 mL Schlenk flask. The mixture turned green immediately and 
was stirred at RT for 20 hours. The product was filtered, washed with dry Et2O (44mL), 
and dried in vacuo. The yield of 8c was 1.861 g (73%) as green solid. 
1H NMR (400 MHz, CD2Cl2): δ (ppm) 82.60, 80.96, 15.11, 8.24, 5.47, 4.14, -4.76, -6.04, 
-20.74, -36.86. MS-FAB m/z 845.54 [M]+, HRMS-FAB m/z 845.3798 [M]+. vAnal. 
calculated: C, 69.50; H, 7.26; N, 8.27 %, found: C, 69.12; H, 6.89; N, 8.02 %. 
8a Using above protocol, 8a was obtained from 6a and FeCl2.4H2O as a green solid 
(78%). 
1H NMR (400 MHz, CD2Cl2): δ (ppm) 83.16, 16.43, 13.17, 7.93, 3.87, -20.56. MS-FAB 
m/z 733.41 [M]+. Anal. calculated: C, 67.04; H, 6.17; N, 9.53 %, found: C, 66.73; H, 6.31; 
N, 9.29 %. 
9c. Ligand 3c (1.406 g, 2.5 mmol) and (dme)NiBr2 (0.771 g, 2.5 mmol) were added to 
dry DCM (50 mL) in a 250 mL Schlenk flask. The mixture turned orangish brown 
immediately and was stirred at RT for 20 hours. The solid was filtered, dissolved in dry 
DCM (10mL), and filtered again. The mother liquor was then collected and dried in 
vacuo. The yield of 9c was 1.170 g (61%) as an orange-brown solid. Anal. calculated: C, 
43.06; H, 4.90; N, 3.59 %, found: C, 43.54; H, 5.06; N, 3.74 %. 
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10c. Ligand 4c (1.596 g, 2.5 mmol) and FeCl2.4H2O (0.496 g, 2.5 mmol) were added to 
dry THF (50 mL) in a 250 mL Schlenk flask. The mixture turned blue immediately. It 
was stirred at RT for 20 hours. The solid was isolated by filtration, washed with dry Et2O 
(50 mL), and dried in vacuo to give 10c as a blue solid (1.581 g, 83%).  
1H NMR (400 MHz, CD2Cl2): δ (ppm) 81.96, 81.08, 15.06, -5.28, -6.32, -22.78, -39.56. 
MS-FAB m/z 764.83 [M]+. Anal. calculated: C, 51.73; H, 5.39; N, 5.48 %, found: C, 
51.77; H, 5.60; N, 5.20 %. 
10a,b Using above protocol, 10a and 10b were synthesized from 4a and 4b as a purple 
solids in 67% and 47% yield.  
10a, 1H NMR (400 MHz, CD2Cl2): δ (ppm) 82.80, 16.32, 12.62, -20.62. MS-FAB (%) 
m/z 653.07 (100) [M]+. Anal. calculated: C, 45.91; H, 3.85; N, 6.42 %, found: C, 45.99; 
H, 3.72; N, 6.03 %.  
10b, 1H NMR (400 MHz, CD2Cl2): δ (ppm) 79.99, 14.20, -5.52, -6.82, -21.32, -38.02. 
MS-ESI m/z 709.1 [M]+. Anal. calculated: C, 49.05; H, 4.68; N, 5.92 %, found: C, 48.86; 
H, 4.97; N, 6.02 %.  
11c, 12c. Benchmark catalysts 11c and 12c catalysts were synthesized according to 
literature protocols59, 60 in 81% and 92% yield, respectively.  
11c: MS-FAB m/z 620.98 [M+H]+. Anal. calculated: C, 53.97; H, 6.47; N, 4.50 %, found: 
C, 53.86; H, 6.37; N, 4.46 %.  
  73 
12c: 1H NMR (400 MHz, CD2Cl2): δ (ppm) 82.16, 81.00, 14.83, 5.31, -5.33, -6.28, -10.76, 
-22.29, -37.58. MS-FAB m/z 607.02 [M]+. Anal. calculated: C, 65.14; H, 7.12; N, 6.91 %, 
found: C, 64.94; H, 6.81; N, 6.71 %. 
5.2 POLYMERIZATION REACTIONS (HOMOGENEOUS) 
Details of catalyst loadings, ethylene pressures, temperatures, reaction times, 
catalytic activities, and polymer characteristics are given in Table 4.5, Table 4.6, Table 
4.7, and Table 4.8. Polymers were characterized by HT-GPC, HT-NMR, and DSC for 
determination of molecular weight, MWD, chain-ends, and melting points. 
General. Polymerization reactions were carried out in either a 300-mL Parr 4560 reactor 
or a 1-L Buchi Polyclave 300. For each reaction, the reaction vessel was dried in an oven 
(100 oC) overnight, evacuated, and back-filled with argon three times before charging 
with toluene, prior to catalyst or monomer addition. HT-GPC measurements were 
performed on a Polymer Labs GPC-220 with a triple detector system (refractive index, a 
PL-BV400 viscometer and a PD2040 dual angle light scattering detector). Typical 
operating conditions for analysing PE are: two PLgel 10 µm Mixed B columns (300*7.5 
mm) and one PLGel 10 µm guard column (50*7.5 mm) at 160 °C using 1,2,4-
trichlorobenzene stabilized with 0.0125 wt.% BHT as the eluent. Polymer samples were 
prepared at a concentration of 1 mg/mL using a Polymer Labs SP260 sample preparation 
system at 150 °C until dissolved (typically 3 hours), followed by filtration where 
necessary. HT-NMR spectra were recorded on a Bruker Avance 400WB spectrometer in 
C2D2Cl4 unless otherwise stated. Chemical shifts are referenced to the residual proton 
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impurity of the deuterated solvent for 1H NMR or to the deuterated solvent signal for 13C 
NMR spectroscopy, and expressed in ppm relative to tetramethylsilane.  DSC analyses 
were done on a power compensated Perkin Elmer Diamond DSC. 
Ni and Fe precatalyts Parr (60 psi, RT). Polymerization reactions were carried out in a 
300-mL Parr 4560 reactor. Reaction conditions: 1 µmol of precatalyst, MAO equivalent = 
1000/3000/5000, 100 mL toluene, 30 minutes, isotherm. The precatalyst was dissolved in 
toluene and preactivated with MAO cocatalyst (1.6M in toluene). The catalyst solution 
was then added via a syringe and the reactor was quickly pressurized with ethylene under 
500 rpm stirring. The reaction was terminated by slow depressurization of the reactor and 
slow addition of MeOH. Reaction temperature increased to 50-60 oC with iron catalysts 
and remained at 25-30 oC with nickel catalysts (exotherm). Maximum pressures were 70-
80 psi for both cases. 
Fe precatalysts Buchi (30 psi, 35 oC / 30 psi, 10 oC / 15 psi, 10 oC). Polymerization 
reactions were carried out in a 500 mL Buchi Polyclave 300. Reaction conditions: 1 µmol 
of precatalyst, 1000 MAO equivalent, 250 mL toluene, 30 minutes, adiabatic. The 
precatalyst was dissolved in toluene and preactivated with MAO cocatalyst (1.6M in 
toluene). After introducing toluene, the system was saturated with ethylene. The catalyst 
solution was then added via a syringe. The reactor was quickly repressurized with 
ethylene under 500 rpm stirring. Pressure reached 30 psi in 3-4 minutes. The reaction was 
terminated by slow depressurization of the reactor and slow addition of MeOH. 
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Procedure for product work-up. MeOH was added to remove excess MAO and HCl 
was added to get rid of aluminum oxide. After stirring for a few hours, the product was 
filtered and dried under vacuum at 60 oC. 
5.3 IN SITU INTERCALATIVE POLYMERIZATIONS 
Details of catalyst loadings, ethylene pressures, temperatures, reaction times, 
catalytic activities as well as OC and polymer nanocomposite characterizations (XRD 
and TGA) are given in Table 4.9 and Table 4.10. 
General. Powder XRD patterns were collected by a Bruker Advance 8 diffractometer 
(Ni-filtered Cu Kα). TGA features were carried out on a TA Instruments Q500-0821 TGA, 
in air flow 60 ml min−1 heated from 25 to 900 °C, at a heating rate of 5 °C min−1. 
Complexes immobilization on Pristine MMT (non-aqueous method). Complex 8c 
was dissolved in DCM followed by the addition of Me3OBF4. The reaction mixture was 
stirred under argon overnight. Volatiles were then evaporated and the resulting solid was 
dried in vacuo. MMT clay was dried at 180 oC in vacuo for two days. The methylated 8c 
was dissolved in ACN (presaturated with argon) prior to clay addition. The suspension 
was stirred at RT for 20 hours, filtered, and dried in vacuo.  
Complexes immobilization on Pristine MMT (aqueous method). Complex 8c was 
dissolved in THF (color changed from green to brown) followed by the addition of a few 
drops of HBF4 (yellow). MMT clay was dispersed in THF (beige). The catalyst solution 
was then added to the clay suspension, resulting in a yellow to orange suspension 
depending on the catalyst to clay ratio. The mixture was stirred at RT for 20 hours, 
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filtered, and dried under vacuum at 60 oC. Depending on the catalyst amount, beige to 
orange OCs were obtained. 
MMT with (C16TMA)Br surfactant (OCS, aqueous). Complex 8c was dissolved in an 
equal amount of THF/water and a few drops of HBF4 (dark to light orange, pH ~ 0). 
(C16TMA)Br was dissolved in THF/water (1/10, v/v), resulting in a clear solution. MMT 
was dispersed in THF (beige). The catalyst solution was added to the surfactant solution, 
resulting in a change of color from lemon to fluorescence shortly. The clay suspension 
was then added to the mixture, resulting in a yellow suspension that changed to dark 
green then olive green over a few minutes. The mixture was stirred at RT for 20 hours 
(brown suspension), filtered, and dried under vacuum at 60 oC. Brown OCS was obtained. 
Polymerization using late TM complexes tethered on MMT clay (heterogeneous). 
Polymerization reactions were carried out in a 300-mL Parr 4560 reactor. Reaction 
conditions: 60/110/160 psi, RT, 30-45 minutes, 100 mL toluene. The reaction vessel was 
dried in an oven (100 oC) overnight, evacuated, and back-filled with argon three times 
before charging with toluene. After introducing toluene, the system was presaturated with 
ethylene. OC (suspended in toluene) followed by MAO solution (1.6 M in toluene) were 
then added via a syringe. The reactor was quickly repressurized with ethylene under 500 
rpm stirring. The reaction was terminated by slow depressurization of the reactor and 
slow addition of MeOH. The products were worked-up in a similar way as those of the 
homogeneous system. 
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CHAPTER 6 CONCLUSION AND OUTLOOK 
Gibson-type pyridine bis(imine) iron and Brookhart-type α-diimine nickel 
complexes, that are functionalized with amino groups at the phenyl rings have been 
synthesized. The two catalyst families are relatively stable towards polar solvents and 
reagents, an advantegeous property for catalysts to be immobilized on clays. The 
bulkiness introduced by the ligand environment – especially substituents in the ortho 
positions – is crucial to suppress β-hydride elimination processes. 
In this study, the syntheses, characterizations, and catalytic activities of these 
complexes, as well as polymer properties and preliminary experiments on intercalative  
polymerization were reported. The catalytic performances of the complexes have been 
tested against ethylene under different sets of polymerization conditions and they have 
been shown to be catalytically active, though not as high as the literature reported Gibson 
and Brookhart catalysts, respectively. 
The nickel catalysts were found to have lower polymerization activities, yet 
produced higher molecular weight polymers with narrower polydispersity and less 
crystallinity as compared to the iron catalysts. Short-chain branching was observed with 
the nickel catalysts. Further research was focused on Gibson-type iron catalyst precursors. 
Higher Al/Fe ratio typically resulted in higher catalytic activities and lower molecular 
weight polymers. Reaction temperature affected the polymerization activities less 
significantly. 
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The experiments showed that iron complexes bearing amino phenyl substituents 
(at para positions) have lower catalytic activities than those bearing hydrogen or bromo 
groups. Nonetheless, they produced higher molecular weight polyethylenes, irrespective 
of the ortho substituents. It was also observed that polyethylenes produced using amino 
functionalized Brookhart-type and Gibson-type complexes have a different morphology 
than their non-functionalized analogues. 
A promising application of the aforementioned functionalized amino phenyl 
complexes is to form clay supported olefin polymerization catalysts. The amino groups 
can be quarternized and the resulting cationic complexes can be ion-exchanged into 
layered silicates. In situ intercalative polymerizations have been performed using 
supported clay/(amino phenyl)Gibson-type iron system. Intercalated structures were 
produced by both aqueous and non-aqueous ion-exchange, with the latter protocol 
improving the catalytic activity and yielding much higher polymer content. 
Polyolefin-clay nanocomposites are expected to show great property enhancement 
– like toughness, thermal stability, oxygen permeability, and fire retardancy – while 
maintaining the cost and weight at a low level. In addition to product improvement, the 
heterogeneous nature of supported catalysts might make them compatible with the slurry- 
and fluidized-bed polymerization methods currently used in industry. Upon optimization 
of the polyethylene-clay nanocomposite reaction conditions, the research can be extended 
to the synthesis of polypropylene-clay nanocomposite and the like. 
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APPENDIX 1 HRMS OF 8C 
HRMS of 8c 
 
  T: + c Full ms [ 730.40-901.57] 



















826.4025 775.4337 854.5531 792.5498 806.3972 874.5678 861.3755 833.3674 
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APPENDIX 2 SINGLE CRYSTAL XRD EXPERIMENTS 
Single Crystal XRD Experiments of 6a 
1. Data Collection 
A yellow block crystal of C41H45N5 having approximate dimensions of 0.22 x 
0.18 x 0.13 mm was mounted on a glass fiber. All measurements were made on a AFC12 
SATURN 70 diffractometer with graphite monochromated Mo-Kα radiation. 
Indexing was performed from 4 images that were exposed for 35 seconds. The 
crystal-to-detector distance was 45.00 mm. 
Cell constants and an orientation matrix for data collection, obtained from a least-
squares refinement using the setting angles of 5365 carefully centered reflections in the 
range 6.31 < 2θ < 55.25o corresponded to a primitive monoclinic cell with dimensions: 
           a  =   14.336(11) Å 
           b  =   12.403(9) Å        β  =   98.75(3)o 
           c  =   19.887(17) Å 
           V  =  3494.9(48) Å3 
 
For Z = 4 and F.W. = 607.84, the calculated density is 1.155 g/cm3. The systematic 
absences of: 
           h0l:  h ± 2n 
           0k0:  k ± 2n 
uniquely determine the space group to be: 
P21/a (#14) 
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The data were collected at a temperature of -93 + 1oC using the ω scan technique 
to a maximum 2θ value of 54.9o. Omega scans of several intense reflections, made prior 
to data collection, had an average width at half-height of 0.484o with a take-off angle of 
6.0o. Scans of 0.50o were made at a speed of 0.857o/min (in ω). 
2. Data Reduction 
Of the 7423 reflections that were collected, 4734 were unique (Rint = 0.035). No 
decay correction was applied.  
The linear absorption coefficient, µ, for Mo-Kα radiation is 0.684 cm-1. The data 
were corrected for Lorentz and polarization effects. A correction for secondary extinction 
was applied (coefficient = 0.000870).  
3. Structure Solution and Refinement 
The structure was solved by direct methods and expanded using Fourier 
techniques. The non-hydrogen atoms were refined anisotropically. Hydrogen atoms were 
refined isotropically. The final cycle of full-matrix least-squares refinement on F2 was 
based on 4730 observed reflections and 597 variable parameters and converged (largest 
parameter shift was 3.09 times its esd) with unweighted and weighted agreement factors 
of:  
R1 = Σ ||Fo| - |Fc|| / Σ |Fo| = 0.0775 
 
wR2 = [Σ ( w(Fo2 - Fc2)2 )/ Σ w(Fo2)2]1/2 = 0.1288 
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The standard deviation of an observation of unit weight was 1.05. Unit weights 
were used.  The maximum and minimum peaks on the final difference Fourier map 
corresponded to 0.20 and -0.21 e-/Å3, respectively. 
Single Crystal XRD Experiments of 5a 
1.  Data Collection 
A yellow block crystal of C36H42N4 having approximate dimensions of 0.29 x 
0.24 x 0.13 mm was mounted on a glass fiber. All measurements were made on a Rigaku 
SATURN CCD area detector with graphite monochromated Mo-Kα radiation. 
Indexing was performed from 5 images that were exposed for 10 seconds. The 
crystal-to-detector distance was 45.00 mm. 
Cell constants and an orientation matrix for data collection, obtained from a least-
squares refinement using the setting angles of 4303 carefully centered reflections in the 
range 6.07 < 2θ < 50.67o corresponded to a primitive monoclinic cell with dimensions: 
           a  =   10.017(6) Å 
           b  =   10.518(4) Å        β  =   97.35(2)o 
           c  =   29.022(19) Å 
           V  =  3032.5(29) Å3 
For Z = 4 and F.W. = 530.75, the calculated density is 1.162 g/cm3. The systematic 
absences of: 
           h0l:  h+l ± 2n 
           0k0:  k ± 2n 
 
uniquely determine the space group to be: 
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P21/n (#14) 
The data were collected at a temperature of -93 + 1oC using the ω scan technique 
to a maximum 2θ value of 50.7o. Omega scans of several intense reflections, made prior 
to data collection, had an average width at half-height of 0.00o with a take-off angle of 
6.0o. Scans of 0.50o were made at a speed of 1.0o/min (in ω).  
2. Data Reduction 
Of the 6917 reflections that were collected, 3921 were unique (Rint = 0.031). No 
decay correction was applied.  
The linear absorption coefficient, µ, for Mo-Kα radiation is 0.684 cm-1. The data 
were corrected for Lorentz and polarization effects. A correction for secondary extinction 
was applied (coefficient = 0.000520).  
3. Structure Solution and Refinement 
The structure was solved by direct methods and expanded using Fourier 
techniques. The non-hydrogen atoms were refined anisotropically. Hydrogen atoms were 
refined isotropically. The final cycle of full-matrix least-squares refinement on F2 was 
based on 3894 observed reflections and 531 variable parameters and converged (largest 
parameter shift was 0.00 times its esd) with unweighted and weighted agreement factors 
of:  
 
R1 = Σ ||Fo| - |Fc|| / Σ |Fo| = 0.0606 
 
wR2 = [Σ ( w(Fo2 - Fc2)2 )/ Σ w(Fo2)2]1/2 = 0.1399 
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The standard deviation of an observation of unit weight was 1.04. Unit weights 
were used.  The maximum and minimum peaks on the final difference Fourier map 
corresponded to 0.19 and -0.15 e-/Å3, respectively. 
The structures of 6a and 5a were solved using the CrystalStructure 
crystallographic software package except for refinement, which was performed using 
SHELXL-97. 
 
